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ABSTRACT 

Junction formation optimization has been the focus of activity. 
Improved cell efficiency was demonstrated by use of a large beam 
size laser of more homogeneous output. However, the cost of 
operating such a high power laser is presently considered too 
large for production use. Its slow processing speed (30 pulses 
per hour) had also retarded experimentation. 

During this quarter, a smaller laser was reactivated with the 
installation of homogenizing lenses to produce more uniform and 
reproducible beam output. The highest Cz cell efficiency 
obtained was above 15.8%. Factors which presently limit 
efficiency include non-ideal ion implant potential for shallow 
junction formation, insufficient beam homogeneity, and 
metallization shadowing, Wafer surface condition before laser 
annealing has been found to affect cell performance. 
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SECTION 1 .O 
INTRODUCTION 

A f t e r  s e v e r e  s u r f a c e  damage d u e  t o  beam nonuni form t y  o f  t h e  
small l a s e r  was observed,  a more powerful excimer laser H a s  used 
a t  308 nm t o  annea l  5 k e V  phosphorus i o n  implanted wafe r s  w i th  a n  
i n c r e a s e  o f  e n e r g y  d e n s i t y  i n  o r d e r  t o  a c h i e v e  g r e a t e r  depth of 
anneal ing.  The o n s e t  o f  su r f ace  damage was s e e n  a t  a n  e n e r g y  
d e n s i t y  of above 2.0 J/cm2 wi th  p u l s e  d u r a t i o n  near 80 nsec.  The 
best ce l l  e f f i c i e n c i e s  f e l l  s h o r t  o f  t h e  g o a l ,  w i th  9.5% observed  
b e f o r e  a n t i r e f l e c t i o n  (AR)  c o a t ,  whereas 11.5% is requ i r ed .  Two 
major reasons  f o r  t h i s  s h o r t f a l l  were i d e n t i f i e d .  One reason i s  
t h e  use o f  phosphorus  i o n  i m p l a n t  e n e r g i e s  o f  5 k e V  o r  more,  
which causes t h e  phosphorus t o  p e n e t r a t e  mQre than 0 . 2  z i c r o n s .  
Laser a n n e a l i n g  f u r t h e r  i n c r e a s e s  t h e  d o p a n t  d e p t h ,  making it 
d i f f i c u l t  t o  o b t a i n  a s h a l l o w  j u n c t i o n .  The s e c o n d  and  more 
i m p o r t a n t  r e a s o n  i s  n o n u n i f o r m i t y  i n  t h e  l a s e r  beam s p a t i a l  
i n t e n s i t y  p r o f i l e s  t h a t  r e q u i r e  h i g h  o v e r l a p  f a c t o r s  t o  
compensate beam inhomogeneity. 

Being l a r g e r  i n  beam c r o s s  s e c t i o n  and wi th  more uniform o u t p u t  
t h a n  t h e  s m a l l e r  l a s e r ,  t h e  l a r g e  l a s e r  d e m o n s t r a t e d  
compara t ive ly  higher  e f f i c i e n c y  cells. However, homogenizing the  
smaller laser beam by ka le idoscope  decreased s u r f a c e  damage and  
t h u s  h e l p e d  t o  improve Voc and f i l l  f a c t o r .  C e l l  e f f i c i e n c y  as 
h i g h  a s  15.8% was o b t a i n e d  w i t h  Cz w a f e r s  p r o c e s s e d  b t h e  
improved small l a s e r  a t  e n e r g y  d e n s i t y  of about  1.4 J / o l  with 
50% over lap .  

To a c h i e v e  t h e  g o a l  of 1 6 . 5 % ,  i t  i s  f e l t  n e c e s s a r y  t o  h a v e  a 
d e p e n d a b l e  i o n  i m p l a n t  o f  low e n e r g y  a n d  h i g h  d o s a g e .  An 
i m p l a n t e r  u t i l i z i n g  t h e  g l o w  d i s c h a r g e  c o n c e p t  i s  b e i n g  
f a b r i c a t e d .  The u n i t  would p rov ide  1-5  k e V  w i t h  d o s a g e  as  h i g h  
as  1x1016 atoms/cm2. 

Equipment f o r  l a s e r - a s s i s t e d  f i n e  g r i d l i n e  CVD d e p o s i t i o n  has 
been des igned  and f a b r i c a t i o n  is  p r o g r e s s i n g .  I n  t h e  meant ime,  
f i n e  g r i d l i n e s  t h a t  a l low 96% a c t i v e  area w i l l  be processed by 
p h o t o l i t h o g r a p h i c  techniques .  
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SECTION 2.0 
EXPERIMENTAL PROGRESS 

2.1 m s  

I n  o r d e r  t c  o b t a i n  b e t t e r  l a se r  beam uni formi ty  f o r  use i n  t h e  
j u n c t i o n  formation p rocess  s t e p ,  an o p t i c a l  beam homogenizer  was 
i n t r o d u c e d  i n  t h e  beam l i n e  o f  t h e  small exc imer  laser. Good 
s p a t i a l  u n i f o r m i t y  was  a c h i e v e d .  I n  a d d i t i o n ,  t h e  p u l s e  
m o d u l a t o r  c o n f i g u r a t i o n  o f  t h e  small  l a se r  was m o d i f i e d  t o  
i n c r e a s e  l a se r  o u t p u t  e n e r g y  t o  25 m J  and t o  e x t e n d  t h e  l a s e r  
pu l se  d u r a t i o n  t o  30 nsec. 

A number of p- type  wafers were p r o c e s s e d  a t  v a r i o u s  values of 
l a s e r  energy d e n s i t y  and s p a t i a l  overlap.  It was found t h a t  good 
s o l a r  cel ls  (0.611 V and 9.7% e f f i c i e n c y  be fo re  AR coa t ing )  could 
be o b t a i n e d  w i t h  50% o v e r l a p  and a n  energy d e n s i t y  of 1 . 4  Wcm2 
f o r  t h e  30 nsec  pu l se  d u r a t i o n  used. A t  h igher  energy, t h e  wafer 
s u r f a c e  i s  damaged, whereas  a t  l ower  e n e r g y  t h e  a n n e a l i n g  i s  
incomplete. 

D i f f i c u l t y  was encountered i n  e s t a b l i s h i n g  r ep roduc ib le  resul ts .  
The damage t h r e s h o l d  a n d  j u n c t i o n  a n n e a l i n g  t h r e s h o l d  e n e r g y  
d e n s i t y  have been found t o  vary with t h e  s p e c i f i c  time h i s t o r y  of 
t h e  l a s e r  p u l s e  a n d  w i t h  t h e  s h a r p n e s s  o f  f o c u s  of  t h e  square 
s p o t  on t h e  wafer.  I n  a d d i t i o n  t h e  shot- to-shot  r e p r o d u c i b i l i t y  
of t h e  l a s e r  d e t e r i o r a t e d  and was co r rec t ed .  

2.1.1 -a of- 

A n  e f f o r t  was i n i t i a t e d  t o  measure  t h e  l a r g e  l a se r  ("Lucy")  
i n t e n s i t y  p r o f i l e  using t h e  r e t i c o n  a r r ay .  Unfor tuna te ly ,  due t o  
t h e  p r e s e n c e  o f  t h e  h i g h  v o l t a g e  s w i t c h e s  a n d  t h e  e-beam 
discharge ,  e lec t r ica l  n o i s e  prevented sLtccessfu1 o p e r a t i o n  of  t h e  
u n s h i e l d e d  a r r a y  and  computer .  D u e  t o  t h e  h i g h  speed  s i g n a l s  
p r e s e n t  on t h e  r e t i c o n  a r r a y  board, cable l e n g t h s  a r e  l imi t ed  and  
t h u s  both a r r a y  and motherboard m u s t  be l o c a t e d  less  t h a n  3 '  from 
t h e  a c t u a l  l o c a t i o n  c h o s e n  f o r  beam p r o f i l i n g .  I t  i s  n o t  
p r a c t i c a l  t o  r e l a y  t h e  i m a g e  of  t h e  o u t p u t  a p e r t u r e  t o  t h e  
e x i s t i n g  sc reen  room. 

A p o r t a b l e  Faraday enc losure  is being b u i l t  f o r  both t h e  r e t i c o n  
a r r a y  and computer so t h a t  t h e  p r o f i l i n g  of t h e  l a r g e  beam can be 
completed. The enc losu re  w i l l  c o n t a i n  t h e  a r r a y  board mounted on 
a two-axis t r a n s l a t i o n a l  s t age .  A l l  s i g n a l  and power c a b l e s  w i l l  
be grounded a t  t h e  main s c r e e n  room. M u l t i p l e  (1024 p o i n t s )  
s h o t s  a t  a s i n g l e  3x3 mm l o c a t i o n  w i l l  b e  o b t a i n e d  t o  d e t e r m i n e  
p o l s e - t o - p u l s e  v a r i a t i o n .  A complete (-12000 p o i n t s )  p r o f i l e  of 
t h e  beam w i l l  a l s o  be o b t a i n e d  t o  d e t e r m i n e  e d g e  s h a r p n e s s  and  
o v e r a l l  uniformity.  

Two 5 x 5 ~ 1 0 0  mm kaleidoscopes a r e  ava i l -ab le  fo r  use t o  improve t h e  

2-1 



uniformity of t h e  beam from t h e  l a r g e  l a s e r .  However, a c t u a l  
t e s t i n g  h a s  n o t  been  p e r f o r m e d  y e t  a s  m o s t  o f  t h e  l a t e r  
experiments  have concent ra ted  on t h e  small laser.  

- O p t i c a l  - 
Alignment 
Source Photodiode 

To i m p r o v e  t h e  s p a L i a l  u n i f o r m i t y  of t h e  beam of t h e  small  
excimer l a s e r  ( E x c i - L i t e  1) , t h ree  small ( - 1 . 7 x i . 7 ~ 1 0 0  mm) 
kale idoscopes  were purcha6ed .  O n e  wds moui.+ed i r :  a f i v e - a x i s  
( t h r e e  t r a n s l a t i o n  p l u s  two  a n g l e s )  h o l d e r ;  tkrc o c h e r  two 
kaleidoscopes were set aside as spa res .  The ho lde r  & ? E  d e s i g n e d  
t o  s u p p o r t  t h e  k a l e i d o s c c p e  on t h i n  wires near  each zil2 L Z  eke 
kaleidoscope. T h i s  resulted i n  t h e  c o r r e c t  i n d e x  oL r e f r a c + . i o n  
c o n d i t i o n s  f o r  t o t a l  i n t e r n a l  r e f l e c t i o n  a long  t h e  e n t i r e  lengtit! 
of t h e  k a l e i d o s c o p e  and h e n c e  o p t i m a l  l i g h t  t h r o u g h p u t ,  A 
s e c t i o n  o f  reztangular  channel tub ing  sur rounds  t h e  kaleidoscope 
and s e r v e s  t o  p r o t e c t  t h r e e  o f  i t s  l o n g  o p t i c a l  s u r f a c e s .  
P r o p a g a t i o n  o f  t h e  beam through t h e  kaleidoscope can be observed 
t h r o u g h  t h e  one  exposed  su r face  a n d  t h e  e x p o s e d  e n d s .  The  
o p t i c a l  arrangement i s  shown i n  Fig.  2-1. Alignment is  pertormed 
us ing  t h e  same H e N e  laser beam t h a t  is  used t o  a l i g n  t h e  excimer 
l a s e r  c a v i t y ,  t h u s  e n s u r i n g  c o l i n e a r i t y .  The l i g h t  throughput 
us ing  t h i s  se t -up  was found t o  be 78% w i t h  t h e  i n p u t  beam focused  
v e r y  c l o s e  t o  t h e  f r o n t  s u r f a c e  o f  t h e  l i g h t  p i p e .  T h i s  
throughput is  measured f o r  a s i n g l e  i n p u t  l e n s  and k a l e i d o s c o p e ,  
o r  a t o t a l  of f o u r  o p t i c a l  surfaces. The t h e o r e t i c a l  va lue  based 
on Fresne l  l o s s e s  i s  81.5% so i t  i s  v e r y  c l o s e  t o  t h e  maximum 

’, Pellicle 
Bzam 
S p l i t t e r  

f l  Lens 
c) - c) 

Plane 
of 
Wafer 

-20 -32 100 1 0 5  

Fig. 2-1. Opt ica l  l ayou t  of small l a s e r .  
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e x p e c t e d  v a l u e .  For r e a s o n s  t o  be d i s c u s s e d ,  s u c h  o p t i m a l  
f o c u s i n g  c o u l d  n o t  be implemented d u r i n g  h i g h  r e p e t i t i o n  rate 
l a s e r  o p e r a t i o n  because of damage t o  t h e  ka le idoscope .  Thus t h e  
ac tua l  t h r o u g h p u t  u sed  f o r  wafer  p r o c e s s i n g  ranged from 50-60% 
f o r  bo th  l e n s e s  and kaleidoscope ( t h e  best  v a l u e  e x p e c t e d  would 
be 7 3 % ) .  

T h e  f i r s t  q u a r t e r l y  r e p o r t  showed beam p r o f i l e s  o f  t h e  raw 
excimer laser output  which e x h i b i t e d  undes i r ab le  i n t e n s i t y  s p i k e s  
and  non-uniformity. As demonstrated by t h e  r e t i c o n  p r o f i l e  shown 
i n  Fig.  2-2, 'improved homogenei ty  i s  a c h i e v e d  i n  t h e  o u t p u t  o f  
t h e  k a l e i d o s c o p e ,  r e d u c i n g  i n t e n s i t y  f l u c t u a t i o n s  t o  t h e  210% 
l e v e l  and c r e a t i n g  a very  s h a r p  i n t e n s i t y  drop-off near  t h e  edges  
(compare t o  t h e  raw beam p r o f i l e  shown i n  Fig. 2-31. It  should 
be noted t h a t  t h e  p r o f i l e  of Fig. 2-2 was t h e  a c t u a l  beqm used i n  
p r o c e s s i n g  Ba tch  2 2 .  U n f o r t u n a t e l y ,  t h e  l a se r  ene rgy  d e n s i t y  
used  i n  Ba tch  2 2  was below t h e  t h r e s h o l d  f o r  g o o d  j u n c t i o n  
f o r m a t i o n .  L a t e r ,  improvements o f  t h e  e d g e  drop-of f  r a t e  and 
squareness  were found when t h e  work surface or t h e  r e t i c o n  s e n s o r  
s u r f a c e  was more c a r e f u l l y  pos i t i oned  w i t h  respect 6;2 t h e  p lane  
of b e s t  f o c u s .  The k a l e i d o s c o p e  p r o v e d  q u i t e  a d e q u a t e  t o  
homogenize t h e  laser ou tpu t  beam. 

As noted above ,  major damage t o  t h e  k a l e i d o s c o p e  was o b s e r v e d  
w h e n  t h e  beam was f o c u s e d  t o o  n e a r  t h e  f r o n t  sur face  of  t h e  
kaleidoscope. One kaleidoscope was f r a c t u r e d ,  and  a second  one  
e x h i b i t e d  s m a l l  c r a c k s  a n d  b u b b l e s  a t  t h e  i n p u t  end of t h e  
k a l e i d o s c o p e ,  i n d i c a t i n g  l i g h t  a b s o r p t i e n  l e a d i n g  t o  thermal  
f r a c t u r e  a n d  m e l t i n g  o f  t h e  g l a s s .  Three s t r a t e g i e s  have been 
implemented t o  o v e r c o m e  t h e s e  d i f f i c u l t i e s :  l o w e r i n g  t h e  
r e p e t i t i o n  r a t e  o f  t h e  l a s e r  t o  reduce t h x m a l  loading:  moving 
t h e  focus  of t h e  inpu t  l e n s  f u r t h e r  from t h e  f r o n t  s u r f a c e  of t h e  
k a l e i d o s c o p e  ( w i t h  a b o u t  10% loss of  i n t e n s i t y  throughput ) ;  and 
t ak ing  care t o  keep t h e  i n p u t  end of t h e  kaleidoscope clean. The 
t h i r d  k a l e i d o s c o p e  has  been ope ra t ing  s a t i s f a c t o r i l y  f o r  s e v e r a l  
w e e k s ,  and t h e  two damaged kaleidoscopes have been repa i red .  

T h e  n e c e s s i t y  of l o w e r i n g  t h e  l a s e r  r e p e t i t i o n  r a t e  t o  assure 
s u r v i v a l  of t h e  k a l e i d o s c o p e  r e q u i r e s  t h a t  t h e  t a b l e  s p e e d  b e  
reduced a p p r o p r i a t e l y .  P rev ious ly  t h e  c o n t r o l  program requ i r ed  
user d e t e r m i n a t i o n  and  e n t r y  of  t a b l e  speed .  S i n c e  t h e  t a b l e  
s p e e d  i s  c o n t r o l l e d  by a ve ry  non-linear po ten t iometer ,  accurate 
de termina t ion  c f  t h i s  parameter was time c o n t r o l .  C o n s e q u e n t l y ,  
t h i s  o p e r a t i o n  h a s  now been placed under computer c o n t r o l .  The 
computer uses t h e  g i v e n  row l e n g t h  and  s o f t w a r e  t i m e d  l e n g t h  
be tween  i n d e x i n g  and  c o m p l e t e d  p u l s e s  t o  d e t e r m i n e  t h e  t a b l e  
speed t o  a n  accuracy of about  0.1%. T h i s  v a l u e  i s  t h e n  used t o  
determine laser r e p e t i t i o n  rate. 

Durii?g t h e  q u a r t e r  t h e  p r o p a g a t i o n  o f  t h e  excimer beam through 
t h e  kaleidoscope and complete l ens  system was s t u d i e d  using a r a y  
t r a c e  c o d e .  The p u r p o s e  o f  t h i s  s t u d y  i s  t 9  d e t e r m i n e  t h e  
expected beam uniformity and  i t s  dependence  on l e n s  d e s i g n  and  
d e m a g n i f i c a t i o n .  T h i s  code  was s p e c i f i c a l l y  w r i t t e n  t o  a l low 
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F i g .  2-2. Beam profile after kaleidoscope homogenization. 
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Fig. 2-3. Output beam with no external aperture. 
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ent i re  p lanes  of rays  to  be propagated through t h e  o p t i c a l  sys tem 
i n  t h r e e  3imensions. An a d d i t i o n a l  feature of t h i s  code inc luded  
t h e  a b i l i t y  t o  output  s p o t  diagrams of t h e  beam a t  user-selected 
p l a n e s  i n  t h e  o p t i c a l  system. These diagrams proved u s e f u l  i n  
eva lua t ing  o p t i c a l  d i s t o r t i o n ,  s p o t  s i z e ,  and  d i s t r i b u t i o n  o f  
r a y s  i n  t h e  p l a n e .  S p e c i a l  i n t e r e s t  was c e n t e r e d  o n  
understanding tine accuracy required t o  p o s i t i o n  t h e  wafer s u r f a c e  
r e l a t i v e  t o  t h e  o b j e c t i v e  l e n s  u s e d  f o r  r e i m a g i n g  t h e  
kaleidoscope output.  

The r a y  t race a l g o r i t h m  uses a module which creates a set of  
e q u a l l y  s p a c e d  r a y s  whose  d i v e r g e n c e  i s  s p e c i f i e d .  T h e  
q ive rgence  may be d i f f e r e n t  i n  t h e  two or thogonal  plane6. The 
t r ansve r se  e x t e n t  of t h e  i npu t  beam and its divergence are chosen 
t o  match  t h e  experimental ly  determined values .  A p a r t i c u l a r  r ay  
a t  a given o b j e c t  l o c a t i o n  is assumed t o  d i v e r g e  as  a symmetr ic  
p e n c i l  o f  f o u r  r a y s .  T h e s e  a s s u m p t i o n s  were f o u n d  t o  g i v e  
f o c u s e d  s p o t  s i z e s  t h a t  a g r e e d  c l o s e l y  w i t h  e x p e r i m e n t a l l y  
determined va lues ,  whereas modeling of t h e  beam as  a p o i n t  source 
w i t h  t h e  same divergence produced  s p o t s  t h a t  were much smaller 
t h a n  t h o s e  obse rved  e x p e r i m e n t a l l y .  However, t h e  a c t u a l  r a y  
d i s t r i b u t i o n  w i t h i n  a g i v e n  p l a n e  k i l l  n o t  b e  a c c u r a t e l y  
r e p r e s e n t e d  because o n l y  f o c r  r a y s  a r e  used f o r  e a c h  o b j e c t  
p o i n t .  T h e  l i m i t  o f  f o u r  r a y s  was c h o s e n  t o  m i n i m i z e  
computational expense. 

T h r e e  cases  o f  i n t e r e s t  were n o d e l e d  u s i n g  t h e  code.  The 
p o s i t i o n  of t h e  o p t i z a l  components i n  e a c h  of  t h e s e  cases is 
shown i n  F ig .  2-4. Case 1 i e  t h e  o p t i c a l  set-up f o r  performing 
t h e  anneal ing required t o  form a back s u r f a c e  f i e l d  ( B S F ) .  The 
r a t h e r  h i g h  ene rgy  d e n s i t i e s  r e q u i r e d  a 2 : l  demagnif icat ion of 
t he  kaleidoscope output.  Expe:imentally, i t  was known t h a t  t h e  
i m a g i n g  i n  t h i s  case was somewhat u n s a t i s f a c t o r y .  The s p o t  
d i a g r a m s  showing  t h e  beam a t  t h e  k a l e i d o s c o p e  i n p u t ,  t h e  
k a l e i d o s c o p e  o u t p u t ,  and  t h e  o u t p u t  n e a r  t h e  p l a n e  o f  b e s t  
geometric image a r e  shown i n  Figs.  2-5 - 2-7. (The empty r e g i o n s  
shown i n  F ig .  2-5 a re  a r e s u l t  of  t h e  f a c t  t h a t  on ly  fou r  r a y s  
w i t h  maximum a n g u l a r  d i v e r g e n c e  were t r a c e d  f o r  e a c h  o b j e c t  
p o i n t . )  T h e  a x i a l  p o s i t i o n  of bes t  f o c u s  was d e t e r m i n e d  by 
examina t ion  of s e v e r a l  p l a n e s  s p a c e d  0 . 5  mm a p a r t  n e a r  t h e  
p a r a x i a l  f o c u s .  Figure 2-4 show., t h e  ou tput  a t  t h e  kaleidoscope 
oa tput  plane t h a t  was used as the i n p u t  f o r  t h e  t h r e e  o b j e c t i v e  
l ens  s e t - u p s  shown i n  F ig .  2-4 .  One n o t e s  t h e  c h a r a c t e r i s t i c  
p a t t e r n  t h a t  g ives  t h e  kaleidoscope i ts  name. 

The i n p u t  beam was modeled as a uniform d i s t r i b u t i o n  of  r ays  i n  
t h e  o b j e c t  p l a n e .  T h i s  i s  c o n t r a r y  t o  known e x p e r i m e n t a l  
c o n d i t i o n s  i n  which t h e  beam is h o t t e s t  i n  t h e  center. When t h e  
rays a r e  approximately weighted i n  a Gauss ian  f a sh ion ,  t h e  energy 
d i s t r i b u t i o n  i s  o b s e r v e d  t o  be s i g n i f i c a n t l y  f l a t t e n e d  compared 
t o  t n e  p e a k e d  i n p u t  d i d t r i b u t i o n ,  j u s t  a s  i s  o b s e r v e d  
e x p e r i m e n t a l l y .  P h y s i c a l l y  t h i s  o c c u r s  due t o  t h e  f a c t  t h a t  
marginal rays  emerger on average, near t h e  o p t i c  ax i s ,  whi le  r a y s  
Aear ' the  cen te r  of t h e  beam emerge f a r t h e r  from t h e  cen te r .  
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Fig. 2-4. O p t i c a l  systems s t u d i e d  by r ay  t r a c i n g .  

Not s u r p r i s i n g l y ,  i t  was found t h a t  b e t t e r  homogenization r e s u l t s  
when t h e  i n p u t  beam h a s  a s i g n i f i c a n t  i n h e r e n t  a n g u l a r  
d i v e r g e n c e .  S i n c e  t h e  small  excimer laser  has  a 4-5 mrad h a l f  
a n g l e  of d ivergence ,  t h e  ka le idoscope  technique  is w e l l  s u i t e d  t o  
h o m o g e n i z e  t h e  beam. T h e  d rawback  o f  t h e  l a r g e  a n g u l a r  
d ivergence  of t h e  beam is  t h e  lack of f o c u s a b i l i t y  (see Fig.  2-51 
which r e q u i r e s  t h a t  t h e  ka l e idoscope  f r o n t  f a c e  be p l aced  q u i t e  
c l o s e  t o  t h e  f o c u s  of t h e  i n p u t  l e n s .  The ray  t r ace  code  showed 
t h a t  a s i g n i f i c a n t  number of  r a y s  a r e  l o s t  from t h e  c o r n e r s  of 
t h e  beam i f  t h e  f a c e  is 2 o s i t i o n e d  more than 8 mm from t h e  f o c a l  
p lane  

F i g u r e  2-7 shows t h e  s p o t  diagram a t  t h e  ipage  p l ane  f o r  t h e  case 
of a s i n g l e  1 3  mm f o c a l  l e n g t h  l e n s .  I t  can  b e  s een  t h a t  a 
s i g n i f i c a n t  number of  r a y s  f a i l  t o  be c o l l e c t e d  w i t h i n  t h e  main 
d a r k  squa re  measu r ing  0 . 8 x 0 . 8  m m  ( 2 : l  s i z e  r e d u c t i o n ) .  By 
a n a l o g y  w i t h  t h e  u s u a l  qeometr ic  ininimuni b l u r  c i r c l e ,  t h i s  might 
be c a l l e d  a s m a l l e s t  b l u r  s q u a r e .  Some p i n h o l e  d i s t o r t i o n  i s  
a l s o  n o t e d  a t  t h e  s p o t  boundary.  Ths f a i l u r e  t o  a d e q u a t e l y  
c o l l e c t  t h e  m a r g i n a l  r a y s  would  b e  e x p e c t e d  t o  b e  i m p r o v e d  
s i g n i f i c a n t l y  by s i i b s t i t u t i n g  t h e  s i n g l e  l ens  wi th  an e q u i v a l e n t  
two l e n s  (Pe tzva l  t ype )  combina t ion .  T h e  b e s t  s p a c i n g  be tween 
t h e  two lenses  was t e s t e d  u s i n g  t h e  r a y  t r a c e  code .  For each 
c a s e  s e v e r a l  p l a n e s  near  t h e  p r e d i c t e d  p a r a x i a l  image p l a n e  were 
p l o t t e d .  The object-to-image d i s t a n c e  f o r  each case was based on 
t h e  d e s i r e d  2 : l  s i z e  r e d u c t i o n .  The two extreme cases  of t h e  
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Pig. 2-5. Spot diagram at front 
surface of kaleidoscope for a 
beam with 4 mrad angular 
divergence. 
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Pig. 2-6. Spot diagram at 
kaleidoscope exit plane for 
a beam with 4 mrad angular 
divergence. 
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Pig. 2-7. Case 1: Single 13 mm lens, 2:l reduction in size. 
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l e n s  spac ing  of  0 and 40 mm were t e s t e d  f i r s t .  The f o r m e r  case 
showed o n l y  f a i r  performance f o r  t h i s  system and was n o t  s tud ied  
f u r t h e r .  

F i g u r e  2-8 shows t h e  r e su l t s  o b t a i n e d  a t  a p o s i t i o n  o f  1 4  mm from 
t h e  f i n a l  surface fo r  Case 2 (see Fig.  2-11). I n  c o 2 t r a s t  t o  t h e  
s i n g l e  l e n s  c a s e ,  a l l  r a y s  except  a few i n  t h e  c o r n e r s  a r e  
reimaged w i t h i n  t h e  d e s i r e d  s p o t  area. The l e n s  p o s i t i o n s  f o r  
Case 2 were chosen  t o  g i v e  a l e n s  combinat ion whose e q u i v a l e n t  
focal  l e n g t h  was 13  mm and  whose s e c o n d a r y  p r i n c i p a l  p l a n e  was 
approximately 3 rmn from t h e  f r o n t  s u r f a c e  of  t h e  second l e n s .  An 
a d d i t i o n a l  advantage of t h e  l e n s  combination i s  t h e  f a c t  t h a t  t h e  
w a f e r  s u r f a c e  may b e  d i s p l a c e d  2 0 . 5  mm w i t h o u t  s i g n i f i c a n t  
d e g r a d a t i o n  o f  image q u a l i t y .  T h i s  i s  a n  improvement o n  t h e  
s i n g l e  l e n s  case. 

F i g u r e  2-9 shows t h e  image p l ane  r e s u l t s  for  Case 3 (F ig .  2-41, 
The image is n o t  as s h a r p  as  i n  Case 2 and h a s  less  p o s i t i o n i n g  
to le rance .  However, t h e  b l u r  square s i z e  is improved over  t h a t  
of a s i n g l e  l e n s  and so more of t h e  t o t a l  energy of t h e  beam w i l l  
h i t  t h e  c o r r e c t  area on t h e  wafer posi t ic ined a t  t h i s  l o c a t i o n .  

The  q u e s t i o n  o f  t h e  op t imum e d g e  d r o p - o f f  r a t e  f o r  l a s e r  
a n n e a l i n g  h a s  n o t  b e e n  u n e q u i v o c a b l y  r e s o l v e d ,  however t h e  
c u r r e n t  d a t a  s u g g e s t  t h a t  t h e  b e s t  c e l l  e f f i c i e n c y  h a s  b e e n  
o b t a i n e d  w i t h  s h a r p  e d g e  d e f i n i t i o n .  F igu re  2-10 i s  a r e t i c o n  
p r o f i l e  e x h i b i t i n g  t h e  s h a r p  edge drop-of f  ((100 m i c r o n s )  f o u n d  
( e x p e r i m e n t a l l y )  n e a r  t h e  b e s t  focus .  Also of  i n t e r e s t  i n  t h i s  
f i g u r e  i n  t h e  wel l -def ined p l a t e a u  r e g i o n  which c o n t a i n s  n e a r l y  
211 of  t h e  p u l s e  e n e r g y .  The r a y  t r a c e  s t u d i e s  i n d i c a t e  t h a t  
movement of t h e  wafer  p l a n e  more than  0.5 mm i n  e i t h e r  d i r e c t i o n  
r e s u l t s  i n  l o s s  of  t h i s  sha rpness  i f  on ly  a s i n g l e  l e n s  is used. 
Use of l e n s  combination Case 2 improves t h e  f o c u s  t o l e r a n c e .  

2.1.3 of Ion ftDlanted_nafers 

F i v e  g r o u p s  (B16-B20) o f  w a f e r s  were l a s e r  a n n e a l e d  us ing  t h e  
l a r g e  laser ,  fo l lowed by 1 4  groups (B21-B29) of  w a f e r s  t h a t  were 
anne , r t l ed  u s i n g  t h e  smal l  l a s e r  w i t h  t h e  beam homogenizer .  
Cond i t ions  f o r  t h e s e  p rocess ing  exper iments  are l i s t e d  i n  T a b l e s  
2-1 and 2-2. 

A f t e r  a n n e a l i n g ,  w a f e r s  f rom B a t c h  1 8  showed s l i g h t  s u r f a c e  
damage i n  some areas, i n d i c a t i n g  a t h r e s h o l d  f o r  damage o f  a b o u t  
2.0 J/cm2 when u s i n g  t h e  l a r g e  l a s e r  a n d  a 90 n s e c  p u l s e  
du ra t ion .  I n  t h e  case of  t h e  small l a s e r ,  w i t h  a 30 n s e c  p u l s e  
d u r a t i o n ,  damage was o b s e r v e d  on  t h e  s u r f a c e  o f  t h e  wafers a t  
a b o u t  1.5 J/cm2, e s p e c i a l l y  a t  t h e  edges  of  t h e  s p o t .  One f a c t o r  
a f f e c t i n g  t h e  damage t h r e s h o l d  i s  t h e  l a se r  pulse  s h a p e .  The 
damage t h r e s h o l d  was lower (about  1.2 J/cm2) f o r  t h e  p u l s e  shape  
shown i n  Fig. 2 - l l a ,  whereas it was abou t  1.5  J/cm2 f o r  t h e  laser 
pulse shape of Fig.  2 - l lb .  The h igh  i n t e n s i t y  l a t e  i n  t h e  p u l s e  
of  F i g .  2 - l l a  may p r o d u c e  excessive v a p o r i z a t i o n  a n d  s u r f a c e  
damage. 
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Pig- 2-8. Case 2: R e s u l t s  obtained by using two biconvex lenses 
with a combination e f f e c t i v e  focal l e n g t h  of 1 3  mm. 

F i g .  2-9. Case 3: Spot diagram a t  image plane .  
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Fig, 2-10. Demonstration of edge fall-off of laser spot at wafer 
near best focus with single lens imaging. 

Table 2-1. Large laser (Lucy) annealing parameters. Pulse 
duration 90 nanoseconds, wafers doped by 5 keV ion implant except 
as noted. 

Average 
Laser SFot Energy spot Over- 
Energy Size Density Interval lap Remarks 
(mJ) (mmxnrm) (J/cm2) (mmxmm) ($1 

m t c n  IO: L warers 
1140 9.6x8.3 1.45 8.4x7.2 12 

Batch 17: 2 wafers 
1020 8.9x7.5 1.55 8 .Ox6.6 12 

Batch 18: 1 wafer 

Batcb 19: 1 wafer 

Batch 20: 2 wafers 

1000 7.5x6.5 2 00 6.4x5.7 12 

1080 9.0x8.0 1.5 8.0x7.0 12 1 keV implant 

7.0x6.1 12 
I n n CVD doped 

8.0x6.9 1.8 
1.7 

1000 
9 40 
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Table 2-2. Small laser ( E x c i - L i t e )  annea l ing  parameters. P u l s e  
d u r a t i o n  30 nanoseconds. 

Average 
Laser Spot Energy Table  Spot Over- 
Energy Size Densi ty  Speed In t e rva l  l ap  Remarks 
( m ~ )  (mmxud ( J / c d )  (cdsec) (nrrumm) ( 8 )  

Batch 21: 1 p+ n n+ wafer, f r o n t  by i o n  implant  a t  10 keV,  lxlO15,  back a t  
50 k e V ,  10x1015 a t o d c m 2  

1 3  1.3x1.2 0.8 2.5 0.9x0.7 30 Front ;  s p o t s  too l a r g e  
I I 1.1xO.9 1.3 0.9x0.35 50 B a c k ;  spots t o o  l a r g e  

Batch 22: 4 p-type wafers ,  31P+ implant  a t  5 keV, 2.5xlOi5 a t o d c m 2  . 
0.8x0.8 2.0 1.2 0.64x0.64 SO Kaleidoscope f a c e  

damage ( 2  wafers )  I n a n n 
1 3  

1.6 1.2 0.75x0.7 20* New ka le idoscope;  
I W I n 0.48x0.45 50 s l i g h t  damage on 

14 0.95xO.Y 

wafers  .......................................................................... 
Batch 23: 3 wafers :  f i r s t  n-type, 1 l B +  implant  a t  5 keV,  2 . 5 ~ 1 0 1 5  a t o d c m 2 ;  

o t h e r s  p-type, 31P+, 5 keV,  5 and 1x1015 

0.40x0.38 SO Low laser r e l i a b i l i t y ;  
n I I n I high  i n t e n s i t y  a t  end 

of pulse; no cells  

Batch 24: 3 p-type wafers, 31P+ implant  a t  5 keV, 1, 2.5, 5x1015 a t o d c m 2  

1c 0.9x0.85 1.3 1.2 

U 1.0x0.95 1.1 0.45x0.42 made .......................................................................... 

1.4 0.8 0.45x0.42 SO Good laser r e l i a b i l i t y  
W n n I n 

I n a I a a 
and pulse shape 

12  0.95x0.9 

.......................................................................... 
Batch 25: 1 n-type wafer ,  l l B +  implant  a t  5 k e V ,  2 . 5 ~ 1 0 1 5  a t o d c m 2  

13 0.95x0.9 1.52 0.8 0.4Sx0.43 50 To Batch 27 
--------------------______L_____________---------------------------------- 

Batch 26: 3 p-type wafers, 31P+ implant a t  5 keV,  1, 2, 5x1015 a t o d c m 2  

15.5 1.05x1.0 1.45 0.8 0.53x0.5 50 New c l e a n i n g  method .......................................................................... 
Batch 27:  1 wafer ,  p+ n n+ f r o n t  from 25, n+ spun-on, annea led  a s  below 

13.5 0.7x0.7 2.7 0.7 0.35x0.33 50 Focus no t  s h a r p  

Batch 28: 3 p-type wafers ,  31P+ implant a t  5 keV,  1, 2 .5 ,  5x1015 a t o d c m 2  

1 4  1.0x0.95 1.45 1 .o C.48x0.45 50 Beam less uniform 
than  Batch 26 .......................................................................... 

Batch 29: 1 p+ n n +  w a f e r ,  l l B +  imp lan t  a t  5 k e V ,  2 . 5 ~ 1 0 1 5  atom/cm2 on 

15  1.05xl.O 1.43 0.8 0.40x0.38 60 Fuzzy at  spot edges  

f r o n t ;  n+ spun on back 

* ion  implant  a t  5 keV, 1x1015 a t o d c m 2  
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Good s o l a r  ce l l  results were ob ta ined  from t h e  wafers p r o c e s s e d  
i n  B a t c h  2 4 .  J u s t  p r i o r  t o  t h i s  t es t  t h e  l a s e r  h a d  b e e n  
disassembled t o  determine t h e  reason f o r  e x c e s s i v e  s h o t - t o - s h o t  
v a r i a b i l i t y .  The  s c r e e n  electrode was smoothed and  t h e  laser 
mirrors were cleaned. I n  a d d i t i o n ,  t h e  res is tor  i n  series w i t h  
t h e  co rona  bar was reduced, t h e r e b y  i n c r e a s i n g  t h e  s t r e n g t h  of 
t h e  W p r e i o n i z a t i o n  and improtring t h e  r e p r o d u c i b i l i t y  of t h e  
e l e c t r i c a l  d i scha rge  i n  t h e  laser gas. 

Good soIar c e l l  r e s u l t s  a l s o  were o b t a i n e d  from the wafers  
p r o c e s s e d  i n  B a t c h  26 ,  even  though  there were s l i g h t  residual 
damage m a r k s  on t h e  wafer surface a t  t h e  edges o f  each l a s e r  
s p o t .  The laser  p u l s e  waveform used  i n  t h e s e  e x p e r i m e n t s  is 
shown i n  Fig. 2-llc. The o v e r a i l  p u l s e  d u r a t i o n  is 30 nsec,  w i t h  
t h e  h i g h e r  i n t e n s i t y  d u r i n g  t h e  e a r l y  p a r t  of t h e  pulse .  The 
laser s p o t  was s h a r p l y  focused on t h e  wafer, was s q u a r e ,  and t h e  
o v e r l a p  was set c a r e f u l l y  t o  50% i n  both d i r e c t i o n s .  The h i g h e s t  
cell  e f f i c i e n c y  was ob ta ined  w i t h  5 keV, 2 .5~1015  cm-2 phosphorus 
i o n  implant energy and d o s e  u s i n g  wafers t h a t  had been c l e a n e d  
j u s t  three days pr ior  t o  t h e  l a s e r  processing.  

Fo l lowing  Batch 2 7 ,  a c a r e f u l  s t u d y  was made of t h e  l a s e r  
i n t e n s i t y  d i s t r i b u t i o n ,  both s p a t i a l  and temporal ,  a t  t h e  e x i t  of 
the  kaleidoscope and a l s o  a t  t h e  l o c a t i o n  o f  t h e  w a f e r  s u r f a c e .  
P a r t i c u l a r l y  c l o s e  a t t e n t i o n  was d i rec ted  a t  t h e  edges  of t h e  
s p o t  t o  see i f  t h e  i n t e n s i t y  or p u l s e  shape wa3 a l t e r e l  i n  a way 
t h a t  would induce surface damage s p e c i f i c a l l y  a t  t h e  edge of each 
spot. A fast response p h o t o d i o d e  r e c o r d e d  t h e  laser  i n t e n s i t y  
f r o m  t h e  p o r t i o n  o f  t h e  laser  beam t r a n s m i t t e d  t h r o u g h  a 25 
micron p inhole ,  mounted on a n  x-y-z m i c r o p o s i t i o n i n g  a s sembly .  
I n  a d d i t i o n ,  t h e  surface damage on 5 k e V  ion implanted wafers was 
examined a s  a f u n c t i o n  of t h e  l a s e r  p a r a m e t e r s  s u c h  a s  e n e r g y  
d e n s i t y ,  l a s e r  p u l s e  waveform, and edge sharpness  of t h e  spot on 
t h e  wafer. As a result of t h e  improved p u l s e  shape (such as t h a t  
shown i n  Fig. 2-l ld1,  t h e  fo l lowing  obse rva t ions  were made: 

1. No i n d i c a t i o n s  of l a s e r  i n t e n s i t y  or p u l s e  waveform changes 
near t h e  edges of t h e  s p o t  were seen  o t h e r  than  t h e  expec ted  
f a l l o f f  i n  i n t e n s i t y  a t  t h e  edges. 

2. T h e  t o p  and bo t tom e d g e s  of t h e  s p o t  showed more a b r u p t  
i n t e n s i t y  c h a n g e s  t h a n  d i d  t h e  sides. The damage t o  t h e  
wafer was more s e v e r e  a t  t h e  t o p  and  bo t tom e d g e s .  The 
laser ou tpu t  has  g r e a t e r  beam s p r e a d  up and  down, f i l l i n g  
t h e  k a l e i d o s c o p e  bet ter  and  making t h e  i n t e n s i t y  g r a d i e n t  
sha rpe r  a t  t h e  ou tpu t  of t h e  kaleidoscope.  

3. S u r f a c e  damage a p p e a r e d  t o  be e s s e n t i a l l y  t h e  same whether 
s i n g l e  s p o t s  were used, or m u l t i p l e  s p o t s  w i t h  50% over lap .  

4. By s i g n i f i c a n t l y  d e f o c u s i n g  t h e  s p o t  on t h e  wafer it was 
possible t o  e l i m i n a t e  t h e  edge  damage t h a t  was o b s e r v e d .  
W i t h  h i g h e r  l a s e r  e n e r g y  d e n s i t y  i n  t h e  c e n t r a l  portion of 
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t h e  Spo t  (1 .6  t o  1.7 J / c m Z ) ,  a s eckle  p a t t e r n  of  surface 
damage was seen ,  bu t  w i t h  no edge a amage no t i ceab le .  

5.  Wafers  w i t h  h i g h e r  i o n  i m p l a n t  d o s e  showed g r e a t e r  
s u s c e p t i b i l i t y  t o  damage t h a n  wafers w i t h  low dose. Any 
surface f i l m  on t h e  wafer reduced t h e  damage threshold .  

6. S l i g h t  l u m i n o s i t y  is seen  on t h e  wafer surface as t h e  laser 
s p o t  i m p i n g e s  when t h e  l a b o r a t o r y  i s  d a r k e n e d .  T h e  
l u m i n o s i t y  may be due t o  v a p o r i z a t i o n  of S i ,  P, o r  a t h i n  
residual surface l a y e r  such  as Si02. 

2.1.4 -t f i c e  p- 
H m m  

The surface p a s s i v a t i o n  and  m e t a l l i z a t i o n  e x p e r i m e n t s  w i l l  be 
c a r r i e d  o u t  i n s i d e  a vacuum t i g h t  chamber c u r r e n t l y  b e i n g  
fabricated. The excimer ou tpu t  beam m u s t  be t r a n s p o r t e d  t o  t h i s  
chamber and focused w i t h  minimal loss and d i s t o r t i o n .  Due t o  t h e  
s h o r t  wavelengths (193 nm) involved t h e  beam w i l l  be t r a n s p o r t e d  
i n s i d e  a n i t r o g e n  o r  i n e r t  g a s  f i l l e d  l i g h t  tube.  A s t r a i g h t  
l i n e  o p t i c a l  p a t h  i s  p r e f e r r e d  t o  a v o i d  losses on b e n d i n g  
mi r ro r s  . 
For t h e  m e t a l l i z a t i o n  s t e p  a t h i n  l i n e  of l i g h t  focused on t h e  
wafer sur face  i s  r e q u i r e d .  Such  a c o n d i t i o n  may be a c h i e v e d  
u s i n g  a c y l i n d r i c a l  l e n s  p o s i t i o n e d  c l o s e  t o  t h e  en t r ance  window 
of  t h e  gas c e l l .  A l l  t r a n s m i s s i v e  o p t i c s  m u s t  be h i g h  g r a d e  
s u p r a s i l  o r  d y n a s i l  1000. The l i n e  of l i g h t  w i l l  be 1 0  t o  1 5  mm 
long. Mechanical  t r a n s l a t i o n  of t h e  l e n s  and  m i r r o r  a s s e m b l y  
w i l l  a l l o w  comple t e  c e l l  c o v e r a g e  o f  a m e t a l l i z a t i o n  pattern. 
I n d i v i d u a l  l i n e s  w i l l  be w r i t t e n  by mechanical t r a n s l a t i o n  of t h e  
l e n s  and  m i r r o r  assembly a f t e r  a sui table  e m p i r i c a l l y  determined 
exposure time. 

For  these e x p e r i m e n t s  a good o p t i c a l  q u a l i t y  beam i s  required. 
The necessary  u n s t a b l e  r e s o n a t o r  o p t i c s  f o r  t h e  small e x c i m e r  
laser are being ordered.  

2.2 

2.2.1 sou D T  

T h e  glow d i s c h a r g e  i o n  i m p l a n t a t i o n  des ign  concept  i s  complete. 
Detai led d e s i g n  and  f e b r i c a t i o n  a r e  u n d e r  way. T h e  d e s i g n  
c o n c e p t  i n c l u d e s  a vacuum system f o r  s a f e t y  and convenience,  a s  
shown schemat i ca l ly  i n  Fig. 2-12. The anode  b a c k i n g  p l a t e  i s  a 
17"x l /2"x6"  water-cooled copper p l a t e  which is p a r t  of t h e  vacuum 
system. S ince  hazardous gases  w i l l  be used, s a f e t y  f e a t u r e s  a r e  
e s s e n t i a l .  These  i n c l u d e  a vented  gas  c a b i n e t  f o r  t h r e e  sou rce  
gas b o t t l e s ,  a n  i n t e r l o c k e d  gas  d i s t r i b u t i o n  s y s t e m ,  a v e n t e d  
e n c l o s u r e  a round  t h e  s y s t e m ,  and a gas  scrubber  f o r  t h e  psmp 
exhaust .  
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Gas In P- Gas In 7 

Y BF3/PH3 

Abnormal 
Glow Discharge 

Region 

Gas 
out 
f 

Gas 
out 

Cathode Dark Space 

io 
Gas - Exit 
Slit 

1. Anode backing plate, copper (17"x1/2'~6") 

2. Silicon anode + potential 
3. Gas manifold, quartz 
4. Plasma containment ewelope, quartz 
5. Silicon sample holding frame 
6. Sample, 4"x4" Si wafer, 2 each 
7. Cathode, ground potential 
8. Sample heater 

water cooled 

Pig. 2-12. Schematic of glow discharge implantation chamber. 
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S i l i c o n  s l a b s  from a Cz i n g o t  a r e  b e i n g  fabr icated t o  form t h e  
anode. A q u a r t z  plasma containment envelope w i l l  be f i x e d  t o  t h e  
anode  t o  form t h e  wal ls  of  t h e  r e a c t i o n  vesse l .  The envelope, 
a l o n g  w i t h  a symmetr ic  gas  d i s t r i b u t i o n  m a n i f o l d ,  i s  b e i n g  
f a b r i c a t e d  ( F i g .  2 -13 ) .  The  samples t o  be i m p l a n t e d  w i l l  be  
spaced 4 "  a p a r t  on t h e  sample h o l d i n g  frame and  w i l l  f a c e  t h e  
anode.  A I 1  sur faces  exposed  t o  t h e  plasma w i l l  be s i l i c o n  o r  
q u a r t z  t o  avoid  contamination. The sample hold ing  frame w i l l  b e  
h e l d  i n  a n  aluminum cathode which can be heated w i t h  an e x i s t i n g  
g r a p h i t e  c l o t h  heater. 

2.2.2 &- 

A new, un ique  low-energy,  500 e V  i o n  gun h a s  been devel3ped by 
Green e t  a l .  of t h e  U n i v e r s i t y  of  I l l i n o i s  C o o r d i n a t e d  Science 
Lab ( p r i v a t e  communica t ion) .  S i x  l " x 1 "  samples o f  Cz s i l i c o n  
w i l l  be implanted w i t h  arsenic f o r  e v a l u a t i o n  of t h i s  technique. 

. .  2.2.3 1 
Low keV ion  implant was r epor t ed  p o s s i b l y  done by t h e  i o n  m i l l i n g  
t e c h n i q u e  a t  I I C O  ( S a n t a  C l a r a )  u s i n g  Kaufman M i l l i n g  S o u r c e  
MTL20. Samples were  s e n t  f o r  1 keV PF5 implant w i t h  f l u e n c e  of 
5x1015 atoms/cm2. 

Pig. 2-13. Quar tz  envelope i n s i d e  imp lan ta t ion  chamber. 
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2.3 e - 
A gas distribution system is being assembled for laser-assisted 
metal deposition and laser-enhanced CVD experiments. A gas 
cabinet for storage and delivery of up to three hazardous gases 
has been specified and ordered from Matheson Gas Products. 
Figure 2-14 shows a schematic for two of the gases; the third gas 
will be trimethyl aluminum delivered from a Schumacher bubbler. 

A flow measurement and mixing manifold together with the control 
panel are being designed and will be built into the gas cabinet. 

The remaining parts of the system to be designed and built are 
the pumping system, sample heater, and gas scrubber. p I 

a 

I 

L 

Pig, 2-14, Gas cabinet schematic. 
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R e s u l t s  from t h e  f o u r t h  month of e f f o r t  d e m o n s t r a t e d  t h a t  t h e  
h i  h e r  power l aser  ( 4  J o u t p u t )  w i t h  t h e  l a r g e r  beam s i z e  ('1 

t h e  beam homogeneity, g r i d l i n e  p a t t e r n ,  and BSF. However, t h e  
s l o w  r e p e t i t i v e  p u l s e  rate of t h i s  laser.  (1 p u l s e  per  2 m i n u t e s )  
.made i t  imprac t i ca l  f o r  e x t e n s i v e  e x p e r i m e n t a t i o n  or p r o d u c t i o n  
c o n s i d e r a t i o n .  Dur ing  t h e  remainder of t h e  quarter, e f f o r t  was 
devoted t o  developing t h e  smaller laser  w h i c h  h a s  a r e p e t i t i o n  
r a t e  a s  f a s t  a s  25 Hz. The f a s t e r  p r o c e s s  Epeed e n a b l e s  more 
experiments  t o  be performed. 

cm s 1 was c a p a b l e  o f  p r o d u c i n g  9.6% C z  cells without  op t imiz ing  

T h r e e  e x p e r i m e n t s  were conduc ted .  Material was p - t y p e  ( 0 . 7  
ohm-cm) Cz, i o n  i m p l a n t e d  w i t h  31P+ a t  5 k e V  of f l u e n c e  lxlO15 
a toms/cm2.  D e t a i l s  of  t h e  l a s e r  a n d  x-y t a b l e  o p e r a t i n g  
parameters  are l i s t e d  i n  Table 2-1; electrical  performance of t h e  
cells  is  p resen ted  i n  Table 3-1. 

With such  a wide  range of  laser energy d e n s i t y  (from 1 .45  J/cm2 
t o  2.0 J / cm2) ,  t he re  was l i t t l e  d i f f e r e n c e  i n  ce l l  e f f i c i e n c y ,  
except  f o r  several bad cel ls  ( B 1 6  # 3 ,  B18 03).  Rowever, t he  data  
d i d  show a t r e n d  of Voc improvement as  annea l ing  energy d e n s i t y  
increased ,  s u g g e s t i n g  more l a t t i c e  damage removal  w i t h  h i g h e r  
energy dens i ty .  A wafer from B18 showed s l i g h t  surface damage i n  
some areas ,  i n d i c a t i n g  a t h r e s h o l d  f o r  damage of about  2.0 J / c m Z  
for  80 nsec  pu l se  dura t ion .  

The o v e r a l l  Voc was lower  than  furnace-d i f fused  c o n t r o l  samples 
by about  10 mV. T h i s  c o u l d  be d u e  t o  surface r e c o m b i n a t i o n  a t  
t h e  o v e r l a p  b o u n d a r i e s  and  a l s o  t h e  low ion  implant dosase  t h a t  
produced a weak electrical  f i e l d  a t  t he  junc t ion .  

B e f o r e  t h e  l a r g e  l aser  (Lucy) was i d l e d ,  two more exp+riments 
(B19 ,  B20) were conducted as base-line p r o c e s s i n g  on a Cz wafer 
( p - t y p e  0.7 ohm-cm) t h a t  had been i o n  implanted a t  1 keV (2x1015 
atomsIcm2) and 5 k e V  ( 2 . 5 ~ 1 0 1 5  atoms/cm2) r e spec t ive ly .  The 1 
k e V  i o n  implant was performed by I I C O  a t  S a n t a  Clara. The i o n  
beam was first a c c e l e r a t e d  t o  2 5  k e V  a n d  d e c e l e r a t e d  b y  
i n c r e a s i n g  t h e  t a rge t  d i s t a n c e .  M e t a l l i z a t i o n  i n v o l v e d  1 8  
e v a p o r a t e d  g r i d l i n e s  w i t h  9% shadowing. Data are summarized in 
T a b l e  3-2. A l s o  i n c l u d e d  a r e  r e s u l t s  f r o m  c o n t r o l  c e l l s  
p r o c e s s e d  by thermal depos i t i on -d i f fus ion  from' t h e  same ba tch  of 
Cz s t a r t i n g  ma te r i a l .  

The average  Jsc f o r  1 k e V  ion  implanted cel ls  (B19) was almost 7% 
(1.4 mA/cm2)  h i g h e r  t h a n  5 k e V  i m p l a n t s  (820) due t o  ehal lower 
j u n c t i o n  characteristics. However, because 3f t h e  low s u r f a c e  
d o p a n t  c o n c e n t r a t i o n ,  t h e  V o c  of t h e  1 k e V  s a m p l e s  was 
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Table 3-1. Electrical  performance of "Lucy" p rocessed  Cz cells. 
No AR c o a t i n g .  Implan t  e n e r g y  = 5 k e V ;  i o n  f l u e n c e  = 1 x 1 0 1 5  
atom/cm2. Cells measured a t  AM1.5, 25OC. 

a. 

b. 

C. 

Laser energy  d e n s i t y  = 1.45 J/cm2; overlap = 12%. 

Jsc 
C e l l  I D  (mAlcm2) 

voc 
i VI 

FP 
($1 

E f  f 
($1 

B16 
(1 21 -16 0.576 74.58 9.10 
(2 21.57 0.578 76.9s 9.60 
#3 19.62 0,571 76 -01  8 -52 
#4 21.61 0.574 75.08 9.32 

Laser energy  d e n s i t y  = 1.55 J / c m Z ;  overlap = 12%. 

JSC voc 
C e l l  I D  (mA/cm2) (VI 

FF 
( % I  

E f f  
($1  

B17 
#1 20 -70  0,577 76.14 9-10 
82 21.03 0.578 74-41 9.04 
#3 21.64 0.580 74.53 9.36 
#4 21 - 3 5  0.579 76 , 16 9.41 

Laser energy  d e n s i t y  = 2.0 J/cm2; overlap = 12%. 

Jsc voc 
C e l l  I D  (mA/cm2) (VI 

FF 
($1 

E f  f 
( $ 1  

B18  
81 21 -37 0.587 74.49 9.35 
82 21.02 0.588 76.79 9.49 
#3 20.83 0.553 40.99 4 -72 
$ 4  21.08 0 . 587 76.87 9.52 
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Table 3-2. Laser a n n e a l i n g  by l a r g e  laser on ion-implanted 
Cz wafers. 

a. Implant energy = 1 keV; i o n  f luence  = 2x1015 a t o d c m 2 ;  
energy d e n s i t y  = 1.5 J/cm2; overlap = 12%. 

C e l l  Shee t  Rho JSC voc FP Ef f 
ID (ohm/sq) (mA/cm2) (VI ($1 ( 8 )  

B19 
t l  
t 2  
t 3  
#4 
t 5  
t 6  

> l o o  20 -66 0.537 73.20 8-12 
(I 21 -77 0.525 70.43 8.05 

21 -61 0.524 70.29 7.96 
21.59 0.531 72.08 8.26 

a 21 -16 0.509 70.04 7.54 
I) 21 . 53 0.544 69.29 8 -12 

n 
(I 

b. Implant energy = 5 keV; ion fluence = 2 . 5 ~ 1 0 1 5  atom/cm2; 
energy d e n s i t y  = 1.8 J/crn2; overlap = 12%. 

voc FP Ef f 
ID ( 0 W s q )  (VI ($1 ( 0 )  

C e l l  Sheet  Rho 

B20 
t l  
#2 
t 3  
1 4  

35-45 19.54 0 -582 70.30 8.00 
20 . 21 0.576 71.14 8.28 
20 -50 0 -580 69.82 8.30 
20 -19 0 . 577 67 . 97 7.93 

I) 

I 

(I 

c. Cont ro l  cells  (R52-Bl9) processed  by thermal  depos i t i on -  
d i f f u s i o n  from t h e  same s t a r t i n g  material, p-type 0.7 ohm-cm. 

C e l l  Shee t  Rho voc FP Ef f 
ID ( 0 W s q )  (HI&m2) (VI (%I  ( % I  

R52-B19 
Shunted - - - - - -  t l  

12 
# 3  
# 4  

50-60 21 -30 0.594 77.53 9.81 
21.85 0.595 76.83 9.98 

I 76.38 9.91 21 086 0.595 
a 
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s u b s t a n t i a l l y  l o w e r  by 8.8%. The g a i n  i n  Jsc w h i l e  Voc w a s  
reduced, and v i c e  v e r s a  i n  t h e s e  two samples, e q u a l i z e d  t h e i r  
f i n a l  e f f i c i e n c y  t o  8 %  o n  a v e r a g e ,  w h i l e  t h e  c o n t r o l  c e l l s  
averaged 9.9% ( o m i t t i n g  t h e  o b v i o u s l y  s h u n t e d  c e l l )  . R e s u l t s  
s c g g e s t  t h a t  t h e  shal low j u n c t i o n  formed by t h e  1 keV ion  implant 
w i th  s u f f i c i e n t  s u r f a c e  d o p a n t  c o n c e n t r a t i o n  s h o u l d  be ab le  t o  
y i e l d  Jsc a n d  Voc a s  h i g h  a s  t h e  t h e r m a l l y  d i f f u s e d  ce l l .  
T h e o r e t i c a l l y ,  h i g h e r  Voc would be o b t a i n e d  o n l y  i f  t h e  laser 
homogenei ty  c o u l d  be improved t o  a l l o w  5 %  o r  l e s s  o v e r l a p .  
D e c r e a s i n g  t h e  o v e r l a p  w i t h o u t  laser  homogenei ty  improvement 
would have a n  adverse resu l t  due t o  nonuni form a n n e a l i n g .  For 
n o n u n i f o r m  beams ,  a h i g h e r  o v e r l a p  r a t i o  c o u l d  y i e l d  be t te r  
r e s u l t s  t han  a lower o v e r l a p  ratio.  

3.2.1 p-m S ubstra te W i t h  3lp+  on -t 

Afte r  t h e  i n s t a l l a t i o n  o f  k a l e i d o s c o p e s ,  t h e  f i r s t  experiment 
w i th  t h e  small l a s e r ,  E x c i - L i t e  1, was t o  r e d e f i n e  t h e  e n e r g y  
d e n s i t y  r a n g e  which is  h igh ly  dependent on p u l s e  shape and pulse 
d u r a t i o n .  The  melt p e n e t r a t i o n  d e p t h  f o r  3 0  n s e c  o f  t h e  
Exci-Lite laser could be almost  50% deeper than  90 nsec  o f  Lucy's 
a t  t h e  same laser energy d e n s i t y  (R. Young e t  a l . ,  1 9 8 3 ) .  The 
t h r e s h o l d  a n n e a l i n g  e n e r g y  d e n s i t y ,  t h e r e f o r e ,  is d i f f e r e n t  f o r  
these two d i f f e r e n t  l a se r s .  D u e  t o  t h e  d i f f e r e n c e  i n  beam 
uni formi ty ,  beam o v e r l a p  percentage  is  a l s o  a c r i t i ca l  parameter.  
De ta i l ed  annea l ing  parameters  are l isted i n  Table 2-2. 

The e x p e r i m e n t  (B22) w i t h  Exci-Lite s tar ted b us ing  t h e  same Cz 

B19 and B20 t h a t  were p r o c e s s e d  by Lucy. L a s e r  e n e r g y  d e n s i t y  
was s e t  a t  1.6 J / cd  with 50% and 20% ove r l ap ,  r e s p e c t i v e l y ,  and 
2.0  J/cm2 w i t h  20% over lap .  For comparison, samples t h a t  were 5 
k e V  i o n  i m p l a n t e d  a t  1x1015 atonMcm2 dosage were a l s o  annealed 
a t  1 .6  J/cm2 w i t h  20% o v e r l a p .  Such i o n  implanted m a t e r i a l  had 
been demonstrated t o  y i e l d  cells w i t h  e f f i c i e n c i e s  >9.5% i n  t h r e e  
c o n s e c u t i v e  r u n s  ( B l 6 ,  B17, B18) p r o c e s s e d  by t h e  l a r g e r  laser 
(see Sec t ion  3.1) . 

material  and i o n  implan ta t ion  ( 5  keV,  2 . 5 ~ 1 0 1  5 atoms/cm2) a s  f o r  

As i n d i c a t e d  by Table 3-3, results os t h e  whole experinient (B22) 
were p o o r  . Even t h e  1 x 1 0 1 5  a toms /cm2  s a m p l e s  (B22-V) were 
d e g r a d e d  i n  b o t h  Voc and f i l l  f a c t o r  compared wi th  prev ious  runs 
repor ted  e a r l i e r .  

Comparing t h e  e lectr ical  performance of B22-I1 (50% ove r l ap )  with 
B22-I11 (20% o v e r l a p )  , both annealed a t  1.6 J/cm2 energy d e n s i t y ,  
i t  was c l e a r  t h a t  t h e  l o w  V o c  ( 0 . 5 5  v)  o f  t h e  l a t t e r  (20% 
over lap)  was due t o  incomplete  surface a n n e a l i n g  because of t h e  
beam's inhomogeneity.  A s  o v e r l a p  was inc reased  t o  50% (B22-111, 
t h e  VoC was improved t o  0.583 V, s imi la r  t o  p r e v i o u s  r e s u l t s  
ob ta ined  from t h e  l a r g e  laser. The poor f i l l  f a c t o r  was b e l i e v e d  
t o  be due  t o  s u r f a c e  contaminat ion a s  r evea led  by o p t i c a l  photos 
(Fi?. 3-1) . 
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Table 3-3. Laser annealing by improved small laser on ion- 
implanted Cz wafers. Implant energy = 5 keV. 

a. Ion f luence  - 2.5~1015 a todcm2;  energy densi ty  = 1.6 J / d ;  
overlap = 508. 

~ 

P? B f f  
h 3 L 2 )  33 (a1 ( 8 )  

C e l l  Sheet Rbo 
ID (oW8q) 

B22-I1 
11 38-40 19.84 0.579 66.05 7.59 

19.76 0.587 70.97 8.24 
I 0.576 60.44 6.61 18.97 

t 2  

(I 0.583 70.43 8.31 20.22 
t 3  
t 4  

I 

b. Ion f luence  = 2.5~1015 a todcm2;  energy d e n s i t y  = 1.6 J/cmz; 
overlap = 20%. 

"oc PI Bf f ( 3 L a  (VI (81 ( 8 )  
C e l l  Sheet  Rho 

I D  (obdsq) 

B22 - I I I 
11 38-40 19.26 0.542 34.34 3.59 

20 . 07 0.557 46 . 23 5.17 
19.51 0 . 566 44 . 82 4.95 
19.09 0.541 34.62 3.57 

(I 

I 

I 

c. Ion f luence  = 2.5~1015 a todcm2;  energy d e n s i t y  = 2.0 J/cmz: 
overlap = 20%. 

C e l l  Sheet  Rho Jsc "oc PP Bf f 
I D  (obdsq) (WCal2) (VI ($1 ( 8 )  

B22-IV 
I1 >IO0 
(2 
t 3  
t 4  
1 5  
16 
t 7  
t 8  

I 

I 

I 

I 

I 

I 

(I 

21 .oo 
22 06 
21 . 37 
20.03 

21.92 
20.39 
21.44 

- - -  

0.507 
0.493 
0.492 
0.458 
Broken 
0.500 
0.457 
0.487 

69.72 7.74 
65.84 7.71 
70.29 7.39 
48.77 4.48 

66.95 7.34 
51.58 4.80 
62.35 6.51 

_ - -  

d. Ion f luence  = l ~ l O 1 5  a todcm2:  energy d e n s i t y  = 1.6 J /cmZ;  
overlap = 208. 

PP Bff 
( u l k 2 )  7% ($1 ( 8 )  

C e l l  Sheet  Rho 
I D  ( O b d S q )  

B22-V 
11 
t 2  
13 
t 4  

92 20.49 0 -577 93.48 8.68 
20.29 0.574 70.34 8.20 
20.71 0.578 67.15 8.04 
21.29 0.577 67.97 8 -35 

(I 

I 

n 
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Table 3-4. Sheet  r e s i s t i v i t y  of wafers.  Implant energy = 5 keV; 
ove r l ap  = 50%. 

- 
Ion F ence Laser Shee t  

Rho ::,e;:& (ohm/sq) 
i!! Base 

C e l l  C rys t a l  R e s i s t i v i t y  x10 

B2 3 

I D  Zoning (ohm-cm) a t  om/ cm2 

-I FZ 0.3 5 1.3 22-24 
-11 cz 0.7-0.9 2.5 1.3 52 
-111 cz 0.7-0.9 1 1.1 85-90 

The s u r f a c e  damage t h a t  appeared on sample B23-I (Fig.  3-3a) was 
o f  a c r y s t a l l o g r a p h i c  type .  Al though t h e  exact  cause i s  n o t  
d e t e r m i n e d  y e t ,  i t  i s  p o s s i b l y  due  t o  surface c o n t a m i n a t i o n .  
Such contaminants a c t e d  a s  n u c l e i  f o r  r e c r y s t a l l i z a t i o n  d u r i n g  
t h e  m e l t i n g - s o l i d i f  icat ion process .  Both e p i t a x i a l  regrowth and 
f r e e  ( n o - c o n s t r a i n t )  r e c r y s t a l l i z a t i o n  a r e  c l e a r l y  
d i s t i n g u i s h a b l e  by t h e  ( 1 0 0 )  a n d  ( 1 1 1 1  s t ruc tu res  a t  s u c h  
d e f e c t s .  

An e x p e r i m e n t  (B24) immediately fo l lowing  t h e  test  run was t h e n  
c o n d u c t e d  w i t h  50% beam o v e r l a p  a t  1 . 4  J/cm2 e n e r g y  d e n s i t y .  
Material used included Cz (0.7 ohm-cm type)  i o n  i m p l a n t e d  a t  5 
k e V  w i t h  l x l O l 5  and 2 .5~1015  atoms/cm3-respectively and FZ (0.3 
ohm-cm, p- type)  i o n  i m p l a n t e d  a t  5 k e V  w i t h  5x1015 atoms/cm2 
f l u e n c e .  O r i g i n a l l y  there  were f o u r  w a f e r s  2x2  cm i n  s i z e  
p r e p a r e d  f r o m  e a c h  group.  Some wafers were used  f o r  d e f e c t  
s t u d i e s ,  l e a v i n g  o n l y  s e v e n  pieces f o r  f i n a l  m e t a l l i z a t i o n .  
R e s u l t s  of e l e c t r i c a l  performance are summarized i n  Table  3-5. 

W h i l e  t h e  a v e r a g e  Jsc was i n  t h e  same r a n g e  a s  p r e v i o u s  
experiments,  t h e  f i l l  f a c t o r  was s t r i k i n g l y  improved f rom 40-62% 
i n  p r e v i o u s  e x p e r i m e n t s  t o  o v e r  74-78% i n  t h i s  run (B24). The 
Voc was a l s o  inc reased  t o  as high as 0.594 V (B24-I1 # 3 ) .  The FZ 
sample  i n  t h e  same experiment had Voc of 0.61 V. The h igher  Voc 
ob ta ined  i n  t h e  FZ sample was due t o  i t s  lower  b a s e  r e s i s t i v i t y  
(0 .3  ohm-cm v s  0.7 ohm-cm i n  Cz). The  maximum cel l  e f f i c i e n c y  
from t h i s  e x p e r i m e n t  ( B 2 4 )  was 9.77% (B24-I1 # 3 ) .  The l a r g e  
v a r i a t i o n s  i n  f i l l  f a c t o r s  among these cells are thought  t o  be 
due t o  surface c o n d i t i o n s  a l r e a d y  d i scussed  (ref. Fig.  3-11. 

Using i n f o r m a t i o n  o b t a i n e d  from 823 and B24 t h a t  i nc luded  laser 
energy d e n s i t y ,  ove r l ap  r a t i o ,  and surface c o n d i t i o n s ,  a summary 
e x p e r i m e n t  (826)  was conduc ted .  Material used c o n s i s t e d  of  Cz 
( 0 . 7  ohm-cm) and  FZ ( 0 . 3  ohm-cm). W a f e r s  were c l e a n e d  by  
s c r u b b i n g  i n  d e t e r g e n t ,  10% HF a c i d  e t c h i n g ,  H2SOq+H202, HF a c i d  
e t ch ing ,  and f i n a l l y  soaking i n  HC1 a c i d  b e f o r e  d e i o n i z e d  water 
r i n s i n g .  Although water s p o t s  were s t i l l  p r e s e n t ,  t h e i r  d e n s i t y  
was d r a s t i c a l l y  decreased. Due t o  lack of adequate  equipment f o r  
s c r u b b i n g ,  s u r f a c e  scratches were observed on some wafers. Ion 
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Table 3-5. Electrical performance of 824 cells. Implant  energy  
= 5 keV; energy d e n s i t y  = 1.4  J/crn2; o v e r l a p  = 50%. 

a. cz cells. Ion fluence = 1x1015 atom/cm2. 

C e l l  Shee t  Rho JSC voc FF Ef f 
ID ( 0 W s q )  ( m A / C d I  (VI ( % I  ( % I  

B24-I 
11 
12 

90 21  -06 0.581 76 -63 9.38 
21  . 26 0.581 75 -80 9.50 a 

b. Cz cells. Ion fluence = 2 . 5 ~ 1 0 1 5  a t o d c m 2 .  

voc FF Eff 
ID ( 0 W s q I  ( VI ( % I  (%I  

C e l l  Shee t  Rho 

B24-If 
#1 
12 
13  

46 20.88 0.593 78.10 9.66 
20 . 88 0.593 73.61 9.06 
21 -26 0.594 77.40 9.77 

a 
a 

c. FZ cells. Ion f l u e n c e  = 5x1015 a todcrn2 .  

voc FF E f  f 
ID (ohdsq) CI3Zrn2) (VI ( % I  ( % I  

C e l l  Sheet  Rho 

B24-I11 
#1 
12  

23 21 -49 0.611 73.63 9.67 
a 21.37 0.607 67 . 93 8.81 
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implant energy w 5 k e V  on  0 t h  Cz and  FZ wafers. Tha d o s a q e  
f o r  Cz was l x l O f 1  atoms/cmf and 2 . 5 ~ 1 0 1 5  atoms/cm2, and 5x10 5 
atoms/cm2 f o r  FZ material. The results are summarized i n  Table  
3-6. 

C e l l s  p r o c e s s e d  f r o m  5 k e V  i o n  i m p l a n t  w i t h  d o s a g e  1x1015 
atoms/cm2 were s l i g h t l y  be t t e r  t h a n  i n  t h e  previous  experiment 
( B 2 4 )  i n  Jsc a n d  f i l l  f a c t o r .  C e l l s  f r o m  d o s a g e  2 . 5 ~ 1 0 1 ~  
atoms/cm2, however, had obvious improvements i n  both Jsc and f i l l  
f a c t o r .  Whi l e  t h e  i n c r e a s e d  Jsc is no t  immediately explainable, 
t h e  improvement i n  f i l l  f a c t o r  i s  most  l i k e l y  due  t o  s u r f a c e  
c l e a n l i n e s s .  

T h e  maximum and  minimum e f f i c i e n c y  of group B26-2.5E is 10.22% 
and 10.08% r e s p e c t i v e l y  before AR, w i t h  1 8  g r i d l i n e s  producing 9% 
shadowing. These c e l l s  were s e n t  t o  ASEC f o r  AR coa t ing .  The 
best  ce l l  (B26-2.5E 82) had an e f f i c i e n c y  o f  a l m o s t  15.8%. The 
l i g h t  and dark  I-V curves  of  t h i s  ce l l  are p resen ted  i n  F i g .  3-4; 
Fig.  3-5 shows the  spectral response a t  AM1.5. 

R e s u l t s  f r o m  t h e  FZ m a t e r i a l  w i t h  i o n  f l u e n c e  o f  5 x 1 0 1 5  
atoms/cm2, however, had a poor r e s u l t  i n  a l l  r e spec t s .  From t h i s  
experiment,  it is obvious t h a t  i on  implant  energy near  5 keV w i t h  
f l u e n c e  a b o u t  3x1015 atoms/cm2 is  c a p a b l e  o f  p roduc ing  a h igh  
e f f i c i e n c y  cel l .  

The e x p e r i m e n t  ( B 2 8 )  was repeated f o r  t h e  two Cz wafers (2"x2") 
w i t h  2 . 5 ~ 1 0 1 5  atoms/cm2 f l u e n c e  a t  t h e  s imilar  laser  s e t t i n g s  
e x c e p t  s l i g h t l y  d e c r e a s e d  i n  e n e r g y  d e n s i t y  f rom 1.5 J/cm2 t o  
1 .45 J / cm2 .  Ce l l s  were p r o c e s s e d  u t i l i z i n g  p h o t o l i t h o g r a p h i c  
m e t a l l i z a t i o n  techniques  f o l l o w e d  by AR c o a t i n g s .  R e s u l t s  a re  
shown i n  Table 3-7. 

Both JSC and  Voc o f  t h i s  r u n  were a l m o s t  equal t o  t h e  previous  
one. I t  was t h e  f i l l  f a c t o r  t h a t  d i f f e r e d  s i g n i f i c a n t l y  and  is 
b e l i e v e d  t o  be due t o  e i t h e r  t h e  l aser  a n n e a l i n g  p r o c e s s  o r  
i n i t i a l  s u r f a c e  c o n d i t i o n ,  o r  b o t h ,  r a t h e r  t h a n  t h e  c e l l  
processing.  

3 . 2.2 -_Substrate W ith l l B +  Ion 

There  was o n l y  one e x p e r i m e n t  w i t h  n- type  subs t r a t e s  annealed 
w i t h  t h e  l a rge  l a s e r  (Lucy)  . M a t e r i a l  u s e d  was 0 . 9  ohm-cm 
phosphorus  doped  Cz w a f e r s .  The f r o n t  j u n c t i o n  s ide  was l l B +  
imp lan ted  a t  1 0  kev wi th  1x1015 atoms/cmZ, and t h e  back was 31P+ 
i m p l a n t e d  a t  50 k e V  w i t h  1 x 1 0 1 6  atoms/cm2. (These wafers were 
from an unrelated p r o ' e c t . )  Laser e n e r g y  d e n s i t y  f o r  t h e  f r o n t  

laser  wi th  12% overlap.  Average c e l l  e f f i c i e n c y  was 7% wi th  poor 
VOC due t o  i n s u f f i c i e n t  e m i t t e r  dosage t h a t  weakened t h e  i n t e r n a l  
e lectr ic  f i e l d  (Table 3-8) . 
and back was 1.2 J/cm 1 and 1.5 J/cm2 r e s p e c t i v e l y  from t h e  l a r g e r  

Two more e x p e r i m e n t s  w i t h  n-type wafers were performed w i t h  t h e  
small ( E x c i - L i t e )  l a s e r .  Material  used was 4 "  n - t y p e  C z  (1 
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Table 3-6. S m a l l  l a s e r  ( E x c i - L i t e )  a n n e a l i n g  o f  Cz and  FZ 
w a f e r s .  I o n  i m p l a n t e d  w i t h  + P 3 1  a t  5 k e V ;  1 8 - g r i d  
evapora ted- type  metallization; AR-coated. Cells measured a t  25OC 
AM1.5 c a l i b r a t e d  wi th  JPL  s t a n d a r d  ce l l  MT-472. 

a. cz cell .  Ion fluence = 1x1015 atom/cm2; laser energy 
d e n s i t y  = 1.5 J/cm2; o v e r l a p  = 50%; pulse d u r a t i o n  = -30 ns. 

~ 

Shee t  Jsc (mA/cmZ) voc (VI FF ( 8 )  E f f  ($1 
C e l l  Rho P r e  P o s t  P r e  P o s t  P r e  P o s t  P r e  P o s t  

I D  ( o W s q )  AR AR AR AR AR AR AR AR 

B26-1E 
(1 80-90 21.24 31.74 0.584 0.598 78.76 78.26 9.76 14.85 

21.24 31.86 0.584 0.599 78.31 78.31 9.73 14.94 
21.37 --- 0.585 --- 76.57 --- 9.57 --- #2  

20.80 --- 0.581 --- 77.33 --- 9.35 --- #3 
#4 

R 

n 
n 

b. Cz cell.  Ion fluence = 2 . 5 ~ 1 0 1 5  atom/cm2; laser energy 
d e n s i t y  = 1.5 J/cm2; o v e r l a p  = 50%; pulse d u r a t i o n  = -30 ns. 

Shee t  Jsc ( m ~ / c m Z )  voc (VI FF ($1 Eff  ($1 
C e l l  Rho Pre  P o s t  P re  P o s t  P r e  P o s t  P r e  P o s t  

I D  (ohdsq) AR AR AR AR AR AR AR AR 

B26-2.5E 
I1 44-48 21.44 31.79 0.596 0.610 79.44 79.50 10.15 15.4 
#2  
#3 
#4  

n 

n 

n 

21.62 32.45 0.596 0.612 79.36 79.51 10.22 15.78 
21.32 32.06 0.594 0.610 79.74 79.63 10.10 15.57 
21.50 32.68 0.595 0.604 78.76 74.63 10.08 14.73 

c. FZ cell .  Ion fluence = 5x1015 atom/cm2; laser energy  
d e n s i t y  = 1.5 J / c m Z ;  o v e r l a p  = 50%; pulse d u r a t i o n  = -30 ns .  

Shee t  Jsc ( W c m 2 )  voc ('-1 FF ($1 Eff  ($1 
C e l l  Rho P r e  P o s t  P r e  P o s t  P r e  P o s t  P re  P o s t  

I D  (ohm/sq) AR AR AR AR AR AR AR AR 

B26-5E 
#I 66-75 19.94 --- 0.579 --- 75.65 --- 8.71 --- 

19.68 --- 0.585 --- 78.06 --- 8.95 --- 
20.22 --- 0.588 --- 79.01 --- 9.15 0-- 

#2 

20.01 --- 0.589 --- 76.79 --- 9.04 --- 13  

20.08 --- 0.58? ..-- 77.32 --- 9.11 --- # 4  

Shunted - - - #5 
16 

I) 

n 
n 
I) 

I - - -  
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SIHGLENPOLY 

LIGHT 1U AT 2% 
OPERATOR: DY 
CELL:826 E2.5 #2 
Da tw t I me: 17-NOU-84 12: 17:83 

CIREI: 4.00 <ss.cn) 

Isc :  0.130 (amps) 

Jsc: 32.49 (ma/sa) 

UOC: 0.612 (voltr) 

ION: 0.123 (aflps) 

Jpm: 30.6? Ima/sa) 

UPR: 8.514 (volts)  

Pn: 0.063 (uatts) 
cff :  79.31 x 
E$$: 15.78 X 

12 SINGLE/POLY 
I 

D6RK IIJ ClT 2SC 

Datc/timc:!?-NOU-84 12:1?:31 

OPERATOR: DM 

CELL: 826 E2.S 02 

AREA: 4.00 (sq.cm) 

GSh: 4.46E-004 <mho) 
f 3.81E-086 

grh: 1. I lE-084 <mho/Sq.t#~) 

Rsr: 9.93E-802<ohm) 
rsr: 3.9fE-001(ohm-sa.cn) 

I 

Fig. 3-4. I-V curves of b e s t  c e l l  from B26-2.5E. 
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Surten Cal Ibrotud 17-NOU-84 11:55:23 
Data 8 toredt CSR: OC3BfO~C20826,2€13,2OO. Do1 Standard Cell fi325 

4 

UAVELEMCTH <naaoar tert) 
Jscm 13.33 na/cnt2 

Fig. 3-5. S p e c t r a l  response  of best  c e l l  from B26-2.5E. 

Table 3 - 7 m  ASEC-coated Cz cells; p h o t o l i t h o  a p h i c  g r i d l i n e s .  
I m p l a n t  e n e r g y  = 5 k e V ;  ion f l u e n c e  = 2.5xlOY5 a t o d c m 2 ;  laser 
e n e r g y  d e n s i t y  = 1.47 J/cmZ; overlap = 50%; pulse d u r a t i o n  = -30 
ns . 

C e l l  Sheet Rho VO FF E f f  
( % I  I D  (ohm/sq) (n&m2) (vF ($1  

028 ASEC I 
44-48 31.59 0 -603 76.75 14.61 

n 31 -89 0.606 78.49 15.17 
n 31 -22 0.606 80 . 46 15.23 

44-48 31.55 0.603 53 -61  10  021 
31.98 0.605 75.71 
31 - 6 5  0.603 78.90 15 -06 
31.13 0.597 74.89 13.93 

n 79.09 15.04 31.42 0.605 
#I 
112 
13 
(4 

-------~L~---------L--------~-~-----------~~~----------- 

028 ASEC 11 
n 14.66 
n 
a 

I1 
t 2  
#3 
t 4  
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Table 3-8. n-type s u b s t r a t e s  proc ssed by a r  laser. I1B+ ion 
i m p l a n t  on f r o n t  a t  1 0  keV,  lrlolf atom/cmi; gfP+ i on  implarit on 
back a t  50 keV,  l x 1 0 1 5  atom/cm . 

Sheet  Rho voc FF Ef f 
C e l l  I D  (ohm/sq) (K%III~) (VI (%1 ( % I  

( N )  B21 
81 155 ( f r o n t )  20 .39  0 . 4 6 3  7 4 . 4 9  7 . 0 3  

1 9 . 5 1  0 .460  7 3 . 6 5  6 . 6 1  
2 0 . 9 2  0 . 466 74 .18  7 . 2 3  

12 
#3  

8 (back) 
n 
N 

ohm-cm) 1 8  m i l s  t h i c k .  The f r o n t  s ide  was l l B +  ion  implanted a t  
5 k e V  w i t h  a dosage  o f  2 . 5 ~ 1 0 1 5  atoms/cm2. After c l ean ing ,  t h e  
wafe r s  were annealed a t  1 . 5 2  J/cm2 w i t h  50% o v e r l a p  f o r  B27. The 
o v e r a l l  energy d e n s i t y  was 1 . 4 3  J/cm2 f o r  B29. Eowever, t h e  beam 
f o r  829 was defocused i n  o rde r  t o  avoid t h e  edge damage o b s e r v e d  
i n  8 2 4  ( F i g .  3 - 3 1 .  The backs were t h e n  c o a t e d  w i t h  sp in-on  
phosphorus  dopan t  a s  t h e  n+ l a y e r .  D i f f u s i o n  was done w i t h  a 
l a s e r  e n e r g y  of 2.6-2 .7  J/cm2. Contacts were of t h e  1 8  g r i d l i n e  
e v a p o r a t e d  t y p e .  Some o f  t h e  b e t t e r  c e l l s  were AR coa ted .  
R e s u l t s  are  summarized i n  Table 3-9.  

The h i g h e s t  e f f i c i e n c y  ob ta ined  was 15% af te r  AR (B27N # 3 ) .  The 
c u r r e n t  was h i g h e r  t h a n  f o r  a p- type  s u b s t r a t e  of 0 . 7  ohm-cm 
w h i l e  t h e  Voc was lower .  The  poor  r e s u l t  i n  B29, on t h e  o t h e r  
hand, was a s u r p r i s e .  The only  d i f f e r e n c e  between B29N and B27N 
was t k e  beam d e f o c u s i n g .  The resul t  was low Jsc, Voc, and f i l l  
f a c t o r .  Dopant depth p r o f i l i n g  by spreading  resistance t echn ique  
on c e l l s  from these two e x p e r i m e n t s  i n d i c a t e  t h a t  B27N had a 
j u n c t i o n  of 0 .28  micron and t h a t  B29N of almost  0 . 3 4  micron  w i t h  
a 0.15 micron t h i c k  "dead" l a y e r  (Fig.  3-61. 

The d i f f e r e n c e  i n  j u n c t i o n  depth matched t h e  lower Jsc ob ta ined  
i n  t h e  deeper  junc t ion  (B29N) ce l l s .  However, i t  is  n o t  c l e a r  
why B29N had a deeper j u n c t i o n  than  B27N s i n c e  a l l  parameters  and 
materials a r e  ident ical .  I t  is p o s s i b l e  t h a t  t h e  defocused beam 
i n  B29N had much h i g h e r  energy  d e n s i t y  a t  t h e  c e n t e r  t h a t  drove 
t h e  j u n c t i o n  d e e p e r .  A l s o ,  nonuniform sur face  a n n e a l i n g  t h a t  
c a u s e d  l o w  V o c  a n d  f i l l  f a c t o r  m i g h t  h a v e  r e s u l t e d  f r o m  
defocusing. The back sur face  shee t  r e s i s t i v i t y  a f t e r  t n n e a l i n g  
was a b o u t  8 - 9  o h m s / s q u a r e .  S p r e a d i n g  r e s i s t a n c e  p r o f i l i n g  
i:.dicated t h o  presence of a s h a r p  b u t  deep n+ junc t ion .  

3-15 



Table 3-9. n-type s u b s t r a t e s  p rocessed  by small laser. Contacts 
were of t h e  1 8  q r i d l i n e  evapora ted  type.  Ion i m p l a n t  e n e r g y  = 5 
keV; ion f l u e n c e  = 2 .5~1015  a todcrn2;  o v e r l a p  = 50%. 

a. Laser energy d e n s i t y  = 1.52 J/cm2. 

Sheet  J6= (mA/cm2) VOC (VI FF (%I E f f  ( % I  
Cell Rho Pre  Post Pre P o s t  P re  Pos t  Pre  Pos t  
ID (ohm/sqI AR AR Pa AR AR AR AR AR 

B27 N 
#l 
#2  
#3 
#4 

53 22.03 31.73 0.583 0.595 77.68 77.84 9-98 14.70 
21.34 29.18 0.581 0.589 78.39 77.76 9.73 13.36 
22.02 32.68 0.582 0.597 77.21 76.93 9.89 15.00 
21.79 32.15 0.583 0.594 77.71 77.42 9.86 14.79 

D 

0 

I) 

b. Laser energy d e n s i t y  = 1.43 J/cm2. 

Sheet  Jsc (Wcrn2)  voc (VI FF ($1 E f f  ($1 
C e l l  Rho Pre  P o s t  P r e  P o s t  P r e  P o s t  P r e  Pos t  
ID (obdsq) AR AR AR AR AR BR AR AR 

B29N 
#I 50-53 19.54 --- 0.570 --- 76.25 --- 8.49 --- 

20.22 -0- 0.564 --- 76.09 --- 8.69 --- 
20.38 --- 0.569 --- 75.13 --- 8.71 --- #2 

#3 
1 4  

n 

rn 

20.60 --- 0.579 --- 74.31 --- 8-87 --- a 
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SBCTIOIO 4.0 
DISCUSSIOB 

I n  t h i s  q u a r t e r ,  it was found t h a t  when t h e  beam of t h e  smaller 
excimer laser was homogenized w i t h  a kaleidoscope, t h i s  laser was 
c a p a b l e  of process ing  cel ls  no t  on ly  t o  match those  of t h e  larger 
l a s e r  i n  c e l l  e f f i c i e n c y ,  b u t  a l s o  by a n  o r d e r  of m a g n i t u d e  
f a s t e r  i n  p r o c e s s  time; i.e., more economical and feasible f o r  
s o l a r  cel l  product ion  implementation. However, because of  b e i n g  
l e s s  u n i f o r m  i n  beam q u a l i t y ,  more o v e r l a p  i s  requi red  f o r  
ccmplete s u r f a c e  annea l ing .  The best Cz ce l l  so far  ob ta ined  was 
15 .8% w i t h o u t  BSF a n d  w i t h  s t a n d a r d  18 g r i d l i n e s  d e p o s i t e d  
through a shadow mask  t h a t  caused 9% l o s s  i n  a c t i v e  surface a r e a .  
By i n c o r p o r a t i n g  a n  AR c o a t i n g ,  a n  e f f e c t i v e  BSF and f i n e  
g r i d l i n e  s t r u c t u r e ,  t h e  maximum e f f i c i e n c y  s h o u l d  exceed 1 6 % .  
L i m i t a t i o n s  e x i s t i n g  t o  h i g h e r  e f f i c i e n c y  are b e l i e v e d  t o  be: 
(a) t h e  d e t r i m e n t a l  effect of t h e  o v e r l a p  boundaries:  (b) l a t t i c e  
damage by h igh  keV ion  implan ta t ion ;  and (c) surface c l e a n l i n e s s .  

Qxexla~ Bo-. The o v e r l a p  problems are related t o  laser 
beam q u a l i t y ,  w h i c h  i s  b e i n g  c o n t i n u o u s l y  u p g r a d e d .  The  
s e q u e n t i a l  s l o p e  of improvement t o  t h e  beam q u a l i t y  a n d  t h e  
c o r r e s p o n d i n g  c e l l  e f f i c i e n c y  i n  t h e  l a s t  two q u a r t e r s  can be 
v i s u a l i z e d  from F i g .  4-1. I t  a p p e a r e d  t h a t  fewer d e m a r c a t i o n  
l i n e s  would g i v e  h i g h e r  c e l l  e f f i c i e n c y .  F igu re  4-2 is a laser 
scan  of a r ecen t  ce l l  showing c l e a r l y  t h e  e f fec t  o f  edge damage 
by t h e  l aser  beam. I t  was found  t h a t  t h e  edge damage could  be 
eliminated by defocusirig t h e  beam t o  make i t  " fuzzy . "  However, 
t h i s  a l s o  r e s u l t e d  i n  nonuniform s u r f a c e  annea l ing  as exper ienced  
i n  B29N. 

One of t h e  o t h e r  major f a c t o r s  t h a t  m u s t  be r e so lved  is t h e  beam 
ou tpu t  c o n s i s t e n c y .  Al though t h e r e  h a s  n o t  been any misfires  
ove r  s e v e r a l  m i l l i o n  s h o t s ,  t h e  beam i n t e n s i t y  does n o t  seem t o  
be  c o n s t a n t  i n  p r o c e s s i n g  f r o m  w a f e r  t o  wafer.  A s e c o n d  
i m p o r t a n t  f a c t o r  was t h e  p u l s e  s h a p e .  The 30 n s e c  p u l s a t i o n  
a c t u a l l y  c o n s i s t e d  of d o u b l e  p e a k s ,  one  w i t h  h i g h e r  i n t e n s i t y  
t h a n  t h e  o t h e r .  Al though t h e  exact cause of damage due t o  such  
dual-peak p u l s a t i o n  was n o t  d e t e r m i n e d ,  p r e f e r e n t i a l l y  e tched 
s u r f a c e s  r e v e a l e d  t h a t  more damage a p p e a r e d  on low/high p u l s e  
than  on high/low pulse (Fig .  4-31. I t  i s  p o s s i b l e  t h a t  t h e  h i g h  
i n t e n s i t y  peak a t  t h e  la te  p u l s e  may produce vapor i za t ion .  

-. A f t e r  a ser ies  o f  experiments ,  it was found 
e m p i r i c a l l y  t h a t  t h e  best h igh  e f f i c i e n c y  cells were o b t a i n a b l e  
by  5 k e V  i o n  i m p l a n t  w i t h  f l uecce  a b o u t  3x1015 a t o m s / c d .  
Decrease i n  l a t t i c e  damage d e p t h  by i m p l a n t e d  i o n s  c a n  be 
o b t a i n e d  b y  u s i n g  n o n - m a s s  a n a l y z e d  g l o w  d i s c h a r g e  i o n  
implan ta t ion  a t  low keV (see Sec t ion  2.0).  Lattice damage can be  
reduced f u r t h e r  by i m p l a n t i n g  smaller atoms such  as boron. Low 
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and w i t h  a spin-on source  which is economical and fast .  

So f a r  i n  t h e  program, p - t y p e  low r e s i s t i v i t y  (0 .7  ohm-cm) 
m a t e r i a l  h a s  b e e n  used  e x t e n s i v e l y  i n  o r d e r  t o  a v o i d  t h e  
a d d i t i o n a l  BSF p r o c e s s .  The t rade-off  was t h e  decrease i n  JFc. 
Achievement o f  3 5  m A l c m 2  i n  Jsc is f a c i l i t a t e d  by u s e  of h igh  
r e s i s t i v i t y  mater ia l .  An e f f e c t i v e  BSF can compensate f o r  t h e  
Voce One of t h e  convent ional  methods is t o  s i n t e r  aluminum paste 
a t  850°C. However, t h e  s i n t e r i n g  cou ld  degrade t h e  b u l k  minor i ty  
l i f e t i m e ,  e l e c t r i c a l l y  d e a c t i v a t e  t h e  e m i t t e r  d o p a n t  
c o n c e n t r a t i o n  (S. R. W i l s o n  e t  a l . ,  1 9 8 3 )  a n d  i n d u c e  
t h e r m a l / m e c h a n i c a l  s tress.  To a v o i d  t h e  p rob lems ,  n+ could 
e a s i l y  be d i f fused  by u s i n g  phosphorus  l i q u i d  dopan t  d r i v e n  i n  
w i t h  a h i g h  e n e r g y  d e n s i t y  exc imer  laser .  This  experiment was 
conducted w i t h  B29N. The sheet rho a t  t h e  back b e f o r e  and  a f t e r  
n+ d i f f u s i o n  was 30 ohms/square and 8 ohmdsquare  r e s p e c t i v e l y .  
S p r e a d i n g  r e s i s t a n c e  dopant p r o f i l i n g  suggested t h e  n+ l a y e r  was 
more than  0.5 microns deep ( F i g .  3-61. T h e  BSF ef fec t  was n o t  
o b s e r v e d  i n  t h e  c e l l  d u e  t o  t h e  c e l l  t h i c k n e s s  (over 18 m i l s ) .  
To d r i v e  bo ron  o r  aluminum i n t o  s i l i c o n  f rom a l i q u i d  d o p a n t  
s o u r c e  i s  much more d i f f i c u l t .  This was f i r s t  observed e a r l y  i n  
t h i s  program and  l a t e r  r e p o r t e d  by West inghouse  (R. Campbell, 
1984)  . There fo re ,  n-type base material is p r e f e r a b l e  due t o  t h e  
e a s y  n+ implementation a t  t h e  back. Ion implan ta t ion  fol lowed by 
laser  a n n e a l i n g  is a n  a l t e r n a t e  method for n+ formation except  
t h e  c o s t  is  higher  and vendor-dependent. 

I n  t h e  n e x t  quarter, both p and n s u b s t r a t e s  of h igh  r e s i s t i v i t y  
w i l l  be tested w i t h  aluminum p a s t e ,  phosphorus l i q u i d  dopant,  and  
ion implant f o r  BSF implementation. 
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SECTION 5.0 
PROCESS SELECTION REVISION AND SENSITIVITY ANALYSIS 

Based on t h e  work conducted so f a r ,  i t  is  pcssible t o  re-examine 
and  r e v i s e  t h e  proposed p r o c e s s  sequence f o r  f a b r i c a t i n g  c e l l s  i n  
product ion .  The r e v i s i o n  of t h e  p r o c e s s  r e f l e c t s  t h e  dependence  
on  ce l l  performance found by va ry ing  d i f f e r e n t  p r o c e s s  v a r i a b l e s ,  
I n  t h e  nex t  two s e c t i o n s ,  t h e  r e v i s e d  p r o c e s s  i s  o u t l i n e d  and  a 
s e n s i t i v i t y  assessment i s  made. 

5.1 

The most impor tan t  change i n  t h e  p r o c e s s  sequence i s  t h e  use of a 
smooth s i l i c o n  s u r f a c e  r a t h e r  t h a n  a t e x t u r e d  s u r f a c e  f o r  t h e  
w a f e r s .  The u s e  of  a t ex tu red  s u r f a c e  was proposed i n  o r d e r  t o  
avoid  a f i n a l  a n t i - r e f l e c t i o n  c o a t i n g  t o  reduce r e f l e c t i o n  l o s s e s  
a f t e r  e n c a p s u l a t i o n .  However, excimer laser j u n c t i o n  fo rma t ion  
on t h e s e  two t y p e s  of s u r f a c e s  showed t h a t  g r e a t e r  un i formi ty  a n d  
pe r fo rmance  c o u l d  b e  o b t a i n e d  on  smooth s u r f a c e s .  The r easons  
f o r  t h i s  w i l l  be d i scussed  i n  t h e  n e x t  s e c t i o n .  As a resu l t ,  t h e  
p r o c e s s  p roposed  i n  F i g .  25 i n  t h e  f i r s t  Q u a r t e r l y  Repor t  i s  
modified as r e f l e c t e d  i n  Fig. 5-1 i n  o r d e r  t o  use smooth-surfaced 
Cz wafers.  

I n  t h e  r e v i s e d  process ,  as-sawn wafe r s  a r e  e t ched  i n  30% NaOH t o  
remove surface damage from sawing and t o  p r o d u c e  a s u f f i c i e n t l y  
smooth s u r f a c e  t o  a l low uniform laser  process ing .  Following t h e  
damage e t c h ,  t h e  s u r f a c e  i s  c l e a n e d  i n  d i l u t e  s u l f u r i c  a c i d ,  
r i n s e d ,  a n d  d r i e d .  The i o n  i m p l a n t i n g  i s  c a r r i e d  o u t  a t  a 
f l u e n c e  of 2 . 5 ~ 1 0 1 5  atoms/cm2 of I l B +  a t  a n  energy of 5 k e V .  The 
s u r f a c e  r e q u i r e s  c a r e f u l  p r e p a r a t i o n  b e f o r e  l a s e r  j u n c t i o n  
f o r m a t i o n .  The reasons  f o r  t h e  p r e p a r a t i o n  a r e  d e s c r i b e d  i n  t h e  
next  s e c t i o n .  T h i s  p r o c e s s  i n c l u d e s  a n  HF e t c h  f o l l o w e d  by a 
s p i n / s c r u b b i n g  r i n s e  f o l l o w e d  by s p i n  d r y .  T h i s  treatment is 
necessary  i n  o rde r  t o  remove so -ca l l ed  "water s p o t s . "  F o l l o w i n g  
t h e  s u r f a c e  c l e a n i n g ,  t h e  dopan t  i s  a c t i v a t e d  and t h e  u n c t i o n  

over lap .  The p u l s e  l e n g t h  is  20-30 n s e c .  The p r o c e s s i n g  s t e p s  
u n t i l  c o n t a c t  b u i l d u p  remain  t h e  same a s  d e s c r i b e d  previous ly .  
Af t e r  t h e  c o n t a c t s  are  completed, a b e l t  fu rnace  AR c o a t i n g  s t e p  
i s  performed. From t h i s  p o i n t ,  t h e  c e l l s  a r e  t e s t e d ,  s o r t e d ,  and 
s e n t  t o  module assembly. 

f o r m e d  by  X e C l  excimer l a s e r  p r o c e s s i n g  a t  1 .5  J/cm 2 a t  5 0 %  

The key p a r a m e t e r s  t h a t  c o n t r o l  t h e  q u a l i t y  of t h e  s o l a r  ce l l s  
made using an  excimer l a se r  j u n c t i o n  format ion  p r o c e s s  s t e p  a re :  
t y p e  and  r e s i s t i v i t y  of incoming wafer ;  wafer s u r f a c e  c o n d i t i o n ;  
i o n  implant  energy,  f l uence ,  and uni formi ty ;  s u r f a c e  c l e a n l i n e s s  
b e f o r e  l a s e r  " a n n e a l i n g "  ; laser  p rocess ing  un i fo rmi ty ,  ove r l ap ,  
e n e r g y  d e n s i t y ,  p u l s e  l e n g t h ,  a n d  p u l s e  s h a p e ;  m e t a l l i z a t i o n  
p r o c e s s ,  a n d  AR c o a t i n g .  I n  t h e  f o l l o w i n g  p a r a g r a p h s ,  t h e  
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30% NaOH E t c h  I 
Front  P a s s i v a t i o n  
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T e s t  & S o r t  

To Module Assembly 

Fig. 5-1. Revi sed  excimer l a s e r  p r o c e s s . .  5.2" diameter  p-type 
(boron-doped) 0.7 ohm-cm Cz s i l i c o n .  
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s e n s i t i t y  found i n  cel l  performance and  y i e l d  w i l l  be d i scussed  
a s  a f u n c t i o n  of these v a r i a b l e s .  

Most of t h e  work c a r r i e d  o u t  i n  t h i s  
p r o j e c t  h a s  been on p-type Cz material i n  t h e  range of 0.3 t o  0.8 
ohm-cm. P-type material h a s  been  used  b e c a u s e  t h e  r e s i s t i v i t y  
v a r i a t i o n  i n  36" i n g o t s  normally grown i s  much sma l l e r  t h a n  t h a t  
found i n  n-type Cz growth, a f a c t o r  of approximately 2:l compared 
w i t h  4:l due t o  t h e  d i f f e r e n c e s  i n  s e g r e g a t i o n  c o e f f i c i e n c y  of 
boron and phosphorus dopan t s .  T h i s  a l l o w s  good c o n t r o l  on t h e  
w a f e r  d i f f u s i o n  l i f e t ime  o v e r  l a r g e  volume production. No BSF 
process  i s  necessary f o r  such low r e s i s t i v i t y  material ,  0.3-0.7 
ohm-cm. 

. . .  . 

Surface IYo- E a r l y  i n  t h e  p r o j e c t ,  e x p e r i m e n t s  were 
c a r r i e d  o u t  t o  assess  t h e  p o t e n t i a l  of using t e x t u r e d  surfaces 
f o r  l a s e r  j u n c t i o n  f o r m a t i o n  p r o c e s s i n g .  I t  was f o u n d  t h a t  
s i g n i f i c a n t l y  lower  ene rgy  d e n s i t i e s  were r e q u i r e d  t o  o b t a i n  
j u n c t i o n s  t h a n  f o r  chem-mech p o l i s h e d  (CMP) surfaces.  Energy 
d e n s i t i e s  on  t h e  o r d e r  o f  0 . 3 - 0 . 5  J / cm2  were f o u n d  t o  be 
s u f f i c i e n t .  These v a l u e s  a r e  20-25% of t h o s e  r e q u i r e d  f o r  CMP 
s u r f a c e s .  The e f f e c t i v e  energy d e n s i t i e s  were greater because of 
m u l t i p l e  r e f l e c t i o n s  a t  t h e  pyramidal surfaces.  However, t h e s e  
s u r f  a c e s  were much  more s u s c e p t i b l e  t o  l a s e r - i n d u c e d  damage 
because e n e r y y  d e n s i t y  n o n u n i f o r m i t i e s  a r e  m u l t i p l i e d  by t h e  
m u l t i p l e  r e f l e c t i o n s .  Overlap e f f e c t s  were much more pronounced 
a l s o  f o r  t he  same reasons.  Based on t hese  c o n s i d e r a t i o n s ,  t h e  
p roposed  p r o c e s s  h a s  been  m o d i f i e d  t o  use c h e m i c a l l y  smoothed 
s u r f a c e s  such a s  those  produced by concent ra ted  sodium h y d r o x i d e  
e tches .  A l l  of t h e  work done 30 f a r  h a s  been on CMP s u r f a c e s  i n  
o r d e r  t o  p r o v i d e  a w e l l  c o n t r o l l e d  s u b s t r a t e  c o n d i t i o n .  
Chemica l ly  p o l i s h e d  (CP)  s u r f  aces w i l l  be eva lua ted  du r ing  t h e  
n e x t  q u a r t e r .  

Along t h e  l i n e s  of  t h e  work of Young, Wood, 
and  c o l l e a g u e s ,  it has been found i n  t h i s  s tuay  t h a t  t h e  implant  
energy and f l u e n c e  a r e  k e y  v a r i a b l e s  f o r  t h e  p r o d u c t i o n  of t h e  
h i g h e s t  e f f i c i e n c y  cells. C e l l s  made from 1 0  keV implant  energy 
were found t o  be lower i n  e f f i c i e n c y  t h a n  t h o s e  f a b r i c a t e d  a t  1 
o r  5 k e V .  The r e s u l t s  of t h i s  p r o j e c t  show so f a r  t h a t  t h e r e  i s  
l i t t l e  difference i n  t h e  performance of ce l l s  made w i t h  i m p l a n t s  
of  1 o r  5 k e V .  Young e t  a l .  found t h a t  j u n c t i o n  dep ths  of 0.15 
micron could be ob ta ined  w i t h  glow d i s c h a r g e  i m p l a n t s  a t  1 keV.  
The s h o r t  c i r c u i t  c u r r e n t  d e n s i t i e s  f o r  these c e l l s  were 35.7 
m A / c m 2  a f t e r  AR coa t ing ,  as expected f o r  such shal low junc t ions .  
The bes t  c e l l s  made i n  t h e  p r e s e n t  s t u d y  w i t h  5 k e V  i m p l a n t  
e n e r g y  have  y i e l d e d  c u r r e n t  dens i t i e s  of 32.7 mA/cm2, which is 
a t t r i b u t e d  t o  t h e  lower c u r r e n t  d e n s i t y  expected w i t h  j u n c t i o n s  
on t h e  o r d e r  of 0.25-0.30 micron. The performance of ce l l s  made 
w i t h  1 keV implant energy on a modi f ied  i o n  m i l l i n g  machine  h a s  
b e e n  p o o r  because  o f  n o n u n i f o r m i t y  p r o b l e m s  i n  t h e  d o p a n t  
d i s t r i b u t i o n .  A k e y  p r o b l e m  i n  o b t a i n i n g  t h e  h i g h e s t  
e f f i c i e n c i e s  on a product ion  basis is t h e  lack of a commercially 
a v a i l a b l e  i m p l a n t e r  i n  t h e  e n e r g y  r a n g e  o f  0 . 8 - 2  k e V  w i t h  
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s u f f i c i e n t  i o n  current d e n s i t y ,  d e p o s i t i o n  area, and uni formi ty .  

The dose l e v e l  or f l u e n c e  i s  a n o t h e r  impor tan t  parameter s i n c e  it 
d e t e r m i n e s  t h e  r e s i s t i v i t y  o f  t h e  s u r f a c e  a n d  j u n c t i o n  f i e l d  
a f t e r  laser process ing .  The best ce l l s  a re  made wi th  a s h e e t  rho  
o f  60-70 ohms/sq and  a s u r f a c e  c o n c e n t r a t i o n  of  2 .5 -3 .0~1015  
atoms/cm2. Lower c o n c e n t r a t i o n s  y i e l d  h i g h  s h e e t  r h o s  ( > l o 0  
ohms/sq) which cause d e g r a d a t i o n  of  pe r fo rmance  due  t o  se r ies  
r e s i s t a n c e  and weak b u i l t - i n  j u n c t i o n  v o l t a g e  (vbi) , w h i l e  h ighe r  
c o n c e n t r a t i o n s  produce p ro f i l e s  w i t h  a maximum 0.03-0 . 0 5  mic ron  
deep  i n  t h e  d o p a n t  d i s t r i b u t i o n .  T h i s  a p p e a r s  t o  lower  t h e  
c o l l e c t i o n  e f f i c i e n c y  as  shown by lower c u r r e n t s .  

er Pr- O v e r l i r a ,  Two p r o c e s s i n g  regimes appear  t o  be 
p o s s i b l e ,  depending on t h e  type  of beam spot o v e r l a p  scheme used. 
The two r e g i m e s  a re  c h a r a c t e r i z e d  a s  t h e  minimum o v e r l a p  a n d  
maximum over lap .  I n  t h e  minimum o v e r l a p  regime, t h e  best results 
a r e  o b t a i n e d  when o v e r l a p  i n  b o t h  s c a n  d i r e c t i o n s  i s  made a s  
sma l l  a s  p o s s i b l e ,  p r e f e r a b l y  l e s s  t h a n  2-5%. The work by t h e  
O a k  Ridge Nat iona l  Lab group h a s  been p r i m a r i l y  i n  t h i s  regime.  
A key r equ i r emen t  f o r  good results i n  t h e  minimum o v e r l a p  regime 
is e x c e l l e n t  beam u n i f o r m i t y  and  s h a r p  beam e d g e  s h a p e .  On a n  
a r ea  basis ,  t h e s e  r e q u i r e m e n t s  a r e  o p t i m i z e d  by t h e  use o f  a 
l a r g e  a r e a  b e a m  l a s e r  i n  o r d e r  t o  m i n i m i z e  t h e  
b e a m - p e r i m e t e r - t o - c e l l - a r e a  r a t i o .  I n  t h e  maximum o v e r l a p  
r eg ime ,  t h e  b e s t  r e s u l t s  a r e  o b t a i n e d  when t h e  l a s e r  beam 
o v e r l a p s  50% i n  both scan  d i r e c t i o n s ,  r e s u l t i n g  i n  each  u n i t  area 
b e i n g  h i t  by f o u r  l a s e r  p u l s e s .  T h i s  r e g i m e  m i n i m i z e s  t h e  
i m p o r t a n c e  of  beam non-un i fo rmi t i e s  over  both t h e  beam area and 
a t  t h e  edges. I n  a d d i t i o n ,  t h e  r equ i r emen t  f o r  l a r g e  beam a rea  
l a se r s  i s  lessened  s o  t h a t  h igh  pulse ra te ,  lower energy lasers  
c a n  be used .  I n  a l a t e r  p a r t  of t h i s  p r o j e c t ,  t h e  e c o n o m i c  
c o n s e q u e n c e s  of  t h e  u t i l i t y  of  t h e s e  t w o  r e g i m e s  w i l l  b e  
c a r e f u l l y  examined. 

So f a r  i n  t h i s  p r o j e c t ,  l i t t l e  d i f f e r e n c e  i n  t h e  performance of 
ce l l s  fabr icated us ing  t h e s e  two reg imes  h a s  been  found.  A f t e r  
o p t i m i z a t i o n  of t h e  f a b r i c a t i o n  parameters, cel ls  of e q u i v a l e n t  
performance have  been  made, a l t h o u g h  t h e  b e s t  c e l l s  have  been  
made i n  t h e  maximum o v e r l a p  reg ime s i n c e ,  u n t i l  t h i s  time, t h e  
best c e l l s  have  been  made w i t h  5 k e V  i m p l a n t  e n e r g i e s .  These 
e n e r g i e s  d r i v e  t h e  i o n s  i n  t o  0.25 mic ron  o r  so.  Thus t h e  
o v e r l a p  exper iments  so f a r  have no t  u n r a v e l e d  t h e  dependence  of 
j u n c t i o n  depth  and Jsc on ove r l ap .  

se D For t h e  a n n e a l i n g  of p type  
l m p l a n e a n g e  of 1.3-1.6 J/cm2 h a s  been 
found t o  be a broad range  of  e n e r g y  d e n s i t i e s  f o r  which p r o p e r  
j u n c t i o n  f o r m a t i o n  c a n  t ake  p l a c e .  The b e s t  r e s u l t s  i n  t h i s  
s t u d y  c e n t e r  i n  t h e  range of 1.45-1.55 J/cm2. Th i s  range assumes 
a n  implant  ene rgy  o f  5 k e V .  The p u l s e  d u r a t i o n  c a n  be i n  t h e  
r a n g e  o f  25-30 nsec .  Higher  energy d e n s i t i e s  c r e a t e  defects a s  
shown by e t c h  experiments .  Lower ene rgy  d e n s i t i e s  i n a d e q u a t e l y  
d i s t r i b u t e  a n d  a c t i v a t e  t h e  i m p l a n t e d  d o p a n t .  These r e s u l t s  
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compare w z l l  w i t h  t hose  found i n  prev ious  s t u d i e s .  Lower implant  
e n e r g i e s  may r e q u i r e  l a s e r  beam e n e r g y  d e n s i t i e s  of 1 . 4  J/crnZ. 
Pulse  shape i s  an important  v a r i a b l e .  I f  t h e  p u l s e  h a s  s e v e r a l  
maxima, b e t t e r  r e s u l t s  a r e  o b t a i n e d  i f  t h e  maxima come i n  a 
high-low sequence. T h i s  o r d e r  minimizes  de fec t s  i n d u c e d  on t h e  
su r face .  Idea l ly  t h e  pu l se  shape should be " f l a t - t o p "  i n  r e s p e c t  
t o  t h e  swi tch  on time. 

The  two i m p o r t a n t  type of uniformity a r e  t h e  area 
u n i f o r m i t y  and t h e  edge reg ion  uniformity.  Laser beam i n t e n s i t y  
u n i f o r m i t y  d i s t r i b u t i o n  on t h e  o r d e r  o f  5-10% a p p e a r s  t o  be  
a d e q u a t e  f o r  t h e  p r o d u c t i o n  o f  c e l l s  when t h e  p u l s e  l e n g t h  d 
shape have  been o p t i m i z e d  as  ment ioned  above .  The r e q u i r e d  
u n i f o r m i t y  can b e  o b t a i n e d  u s i n g  o p t i c a l  t r a n s f o r m a t i o n s  o n  
r e l a t i v e l y  non-uniform beams. The more c r i t i c a l  unif  ormity i s sue  
i s  r e l a t ed  t o  t h e  type  and e x t e n t  of damage l e f t  a t  t h e  edges of 
t h e  beam where ove r l ap  o c c u r s .  I n  t h e  m i n i m u m  o v e r l a p  reg ime,  
beam a l i g n m e n t  and  s h a r p  beam edge r o l l - o f f  a r e  important .  The 
alignment obta ined  by s t anda rd  X-Y t r a n s l a t i o n  s t a g e s  i s  adequate 
a n d  a l l o w s  r e g i s t r a t i o n  o f  t h e  edges 1 . 0  w i t h i n  0.001 i n c h e s  
(0.0254 mm).  The dependence  of c e l l  pe r fo rmance  o n  beam e d g e  
s h a r p n e s s  h a s  b e e n  more d i f f i c u l t  t o  assess. A r o l l - o f f  of  
4 5 % / 1 0  micron  g i v e s  a p p r o x i m a t e l y  90% r o l l - o f f  i n  30 m i c r o n s  
w h i c h  g i v e s  t h e  b e s t  c e l l s  o b t a i n e d  i n  t h e  minimum o v e r l a p  
region. For small  beam s i z e ,  (0.6x0.8 m m ) ,  t h i s  c a r r e s p o n d s  t o  
7 %  o v e r l a p .  I n  t h e  maximum o v e r l a p  r e g i o n  beam r o l l - o f f  i s  
r e l a t i v e l y  unimportant and beam a rea  u n i f o r m i t i e s  o f  7-10% g i v e  
opt imal  performance i n  c e l l  y i e l d .  The obvious t r ade -o f f  f o r  50% 
ove r l ap  is t h e  f o u r  f o l d  r e d u c t i o n  i n  p r o c e s s i n g  ra te .  I n  t h e  
e c o n o m i c  e v a l u a t i o n  p h a s e  o f  t h e  p r o j e c t  t h e  e c o n o m i c  
consequences of these c o n s i d e r a t i o n s  w i l l  be made. 

Hetal l  The h i g h  sheet r h o  
o b t a i n e a y e d  i n  laser processed 
cel ls ,  i n  t h e  range 60-bv ohms/square, require a n  e f f e c t i v e  f i n e  
l i n e  m e t a l l i z a t i o n  p a t t e r n  t o  m i n i y i z e  t h e  distance of c u r r e n t  
flow t o  t h e  c o l l e c t o r  and t o  minimize area coverage. The use of  
25 l i n e / c m  p a t t e r n s  w i t h  3-4% a rea  coverage w i l l  be required t o  
opt imize c u r r e n t  c o l l e c t i o n .  Because the  surfaces p r o c e s s e d  a re  
smooth a n  AR c o a t i n g  w i l l  be r e q u i r e d  t o  m i n i m i z e  r e f l e c t i o n  
l o s s e s .  E n c a p s u l a t e d  c e l l s  s h o u l d  b e  o p t i m i z e d  w i t h  a s i n g l e  
l a y e r  AR coa t ing .  
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SECTIOB 6 .O 
COlOCLllSIOlO 

I t  h a s  been d e m o n s t r a t e d  i n  t h e  l a s t  q u a r t e r  t h a t  a h i g h  
e f f i c i e n c y  Cz c e l l  can be p r o c e s s e d  w i t h o u t  u s i n g  a l a r g e  s p o t  
s i z e ,  h i g h  power exc imer  l aser .  The i m p o r t a n t  f a c t o r s  t h a t  
c o n t r i b u t e d  t o  t h e  r e s u l t  inc luded  beam homogenization, surface 
cond i t ion ,  and a p p r o p r i a t e ,  though not  y e t  opt imized,  ion  implan t  
par amete r s . 
To a c h i e v e  c e l l  e f f i c i enc ie s  o v e r  l 6 % ,  a n  e f f o r t  t o  i n c l u d e  
s u r f a c e  p a s s i v a t i o n ,  f i n e  g r i d l i n e  m e t a l  d e p o s i t i o n ,  a n d  a n  
e f f e c t i v e  back s u r f a c e  f i e l d  w i l l  be made. Before t h e  gas ce l l  
is completed, s u r f a c e  p a s s i v a t i o n  w i l l  be pe r fo rmed  by t h e r m a l  
o x i d a t i o n  and  f i n e  g r i d l i n e s  w i l l  be formed by p h o t o l i t h o g r a p h i c  
metal d e p o s i t i o n .  BSF e x p e r i m e n t s  w i l l  b e  pe r fo rmed  w i t h  i o n  
implanta t ion  and w i t h  spin-on sources .  
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SECT1010 7.0 
PROBLBHS A#D PLMS 

1. Damage a t  beam edge  is bel ieved  t o  cause  reduct ion  i n  Voc. 
There is no immediate method t o  e l i m i n a t e  such l i n e  defects. 

2. Low k e V  i o n  implan ta t ion  by glow d i scha rge  w i l l  input  a new 
parameter t h a t  r e q u i r e s  time f o r  its opt imiza t ion .  

3 ,  L a s e r - a s s i s t e d  f i n e  g r i d l i n e  depos i t i on  is a n t i c i p a t e d  w i t h  
p rob lems  of slow d e p o s i t i o n  r a t e ,  s u r f a c e  a d h e s i o n ,  a n d  
plate-up process  development. 

7.2 

1. Produce 16.5% Cz cells. 

2. T e s t  a n d  i m p l e m e n t  a l o w  d i s c h a r g e  i m p l a n t a t i o n  a n d  
l a s e r - a s s i s t e d  CVD g r i d i i n e  depos i t ion .  
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Program Tasks 

1. Pragram Management 

a. Subcontract Approval 
b. Management 

II. Process Selection 

a. Target Process 
b. Revision 
c. Final Process Specification 

111. Process Development 

a. Annealing Study 
b. Equipment Fabrication 
c. Experimental Matrix 
d. Deliver 25 2x2 cm cells 

IV. Process Sensitivity Assessment 

V. Process Verification 

a. Cell Processing 
b. Cell Characterization 
c. Deliver 25 5.2” cells 

VI. Laser Reliability and Appropriateness 

VII. Cost Evaluation 

VIII. Documentation 

a. Program Plan 
b. Laser Process Selection Report 
c. Economic Analysis Report 

Pre:i m i nary 
Final 

d. Monthly Progress Reports 
e. Quarterly Progress Reports 
f. Final Report 

Draft 
Final (one month after JPL comments) 

9. Program Reviews as Required 
h. PIM 
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Fig. 7-1. Program schedule. 
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